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FOREWORD

The Space Maintenance and Extravehicular Activities Conference

serves as a forum in which leading authorities in this area of

technolo_, advance new ideas and techniques for critical discus-

sion. The objectives of the conference are (1) to present current

research and development contributions in the fields of Space

Maintenance and Extravehicular Activities and (2), through the

exchange and evaluation of the most advanced concepts, to

stimulate further advances of this technology. By publishing

the transactions of this conference, the Air Force Aero Propulsion

Laboratory hopes to further promote these objectives.

The papers were submitted in reproducible form and were printed .................

as submitted. This accounts for certain variations in treatment

and style. /_ _. "-_'--_ - L..----'_
HERBERT A_//LYON
Colonel, USAF

' Director,
Air Force Aero

Propulsion Laboratory
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ABSTRACT
i

This report contains a presentation of technical contributions

summarizing the status of current and significant research in

the fields of Space Maintenance and Extravehicular Activities.

The report is based upon the discussionsat the Second National

Conference on Space Maintenance and Extravehicular Acrlvltles

i held August 6-8, 1968 at the Stardust Hotel, Los Vegas,
1
I

Nevada. The conference transactions have been arranged int

the order of presentation during the seven sessionsof the
I

} conference.
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SPACE BEYOND THE THRESHOLD

Lt. Gen. J. R. Holzapple
USAF

Chief DCS R&D

Pentagon

It is, indeed, a great pleasure to keynote the Second National Conference
on Space Maintenance and Extravehicular Activities. This conference can serve
the continual needsfo."fresh perspectives and for cross-st_.mulatlonso basic to
scientific and technical progress. And there can be no question that the conference
co-spansors - the National Aeronau|ics and Space Administration and the Air Force
Aero PropulsionLaboratory - have developed a program that will well serve those
needs. These are bound to be stimulating and productive sessions.

I think all of us tend to get wrapped up in the hurly-burly of everyday
problems. So, from time to time, we simply reach the point where we need briefly
to standaside and take a fresh look, and do somefresh thinking. Could there
possiblybe a better place for uninterrupted and undistracted thought than here in
the middle of the desert -with a!l of these privations?

I supposethat, over the next several days, someonewill inevitably observe
that mankind is really only at the threshold of space. As the keynote speaker,
I might be tempted to be the first to make this observation. The trouble is, I'm
not at a;! sure it's true.

I'm not sure it's true because I'm no_ ,re what it means. If what we really
have in mind is the state of our space technologies, then I think that we are already
well beyond the threshold. But if we have in mind attitudes toward space, then
I think it is entirely possiblethat we are just barely approaching the threshold.

On the surface, this may appear to be ar abstract distinction. And yet it
bearsvitally on a concern we mustall share this morning. Our concern ccnnot
simply be with current technical problemsor even with presentfunding problems.
Our inevitable concern mustalways be with the direction of the national space

i programover the longer view. And I frankly think we cannot long proceed intelli-
I gendly in space if attitudes lag technologies. So now is the time to take a hard

look at somekey attitudes toward space. .

Thusfar, the national space program hasbeen propelled largely by the
momentumof that massof technology set in motion by the urgent needsfor the

- xvii - T.
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ballistic missile, and hasbeen speeded by such stimuli as Sputnik. These have
been the exciting early years, rich in the drama of suspenseand adventure.
These have been the threshold years of space technology - the glamor years of
public enthusiasmand public funding.

In the short span of ten years, this momentumhas carried us from those
first tentative unmannedspace launches to the point where we are alreudy deeply

i concerned about the direction of our space pl_ogrom_ the first manned lunar
"_ landing.

This is how far the initial momentumhas carried us. And, of course,
we've learned much. But this kind of momentumcould not forever continue. We

have now well passedthat phasein the space program - common to any who.ly new

scientific endeavor -where technical _ is its own best justification.

! It is, of course, still true for space, as For most areas of technical challenge,}
i that many of the more exciting technical possibilities For the future will stem from
i insightsand discoveries we cannot now even imagine.

But it is true, also, that the scientific search for new possibilities can only
be sustainedfor a limited time if there is not at least an equally determined search

_; for beneficial applications. And the search for applications demandsthat you
J _yourlead technologles, as opposedsimply to following them.

The idea of funneling scientific and technical effort into specific applications
is not always greeted with marked enthusiasm. In fact, the idea runs counter to a
strongly held attitude, especially where space is concerned. This is the feeling
that you run the risk of mi_ing unsuspected possibilities if you concentrate heavily1

i on those technologles that already have well defined applications.
!

i Thus, there is a tendency to overlook the fact that the processof _adlng
technologies toward specific applications may, itse!f, have the effect of opening

: up new possibilities. That is, strong direction need not necessarily inhibit scientific l

and teehnlcal innovation. And, of course, this attitude also tendsto forget the
i fact that our scientific and technical programs in space are not being conducted for
_ their own sake. The ultimate function is to solve problems, or to meet urgent needs,
J or to open new vistas for humanbenefit. This is precisely the function of such

programsas Apollo Applications and the Manned Orbiting Laboratory. With these
programswe are moving somewhataway from basic experimentation and more in
the direction of usesand applications in space.

: And we can all welcome this as a very healthy trend, it is entirely probable
that someof the funding problemsfor someof our space programswill be bridged

i when the applications are more fu!ly recognized and understood. Very much
i contrary to another popular attitude - that Vietnam is the sourceof mostof our

funding problems - I think the more significant source is the need for a better
understanding of passible applications in space, and their true benefits.

s
-- XVlll -
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I might add, parenthetically, that almost everyone in government who is
confronted with funding oroblems - and there are few who aren't is likely to
paint to Vietnam as the source of his difficulty. Well, there is no denying that
Vietnam is having some impact. But I suspect that anyone who is expecting a
sudden flow of funds into his particular program the moment the war ends, is
liable to be disappointed. In any event, this is almost certain to be true where
s2ace is concerned.

Where funding is involved, there can be no doubt that the space program
is well beyond the threshold. It's not really that the senseof urgency has gone
out of the space program, or even that it has lost much of its romance. The
problem - if it can properly by called a problem - is that our nation is tackling
a wide range of urgent and demanding challenges. What has happened is that
the space program has simply reached a new maturity and is finding its proper
place in the perspective of all of our national challenges. And this should not
be alarming. The fact that the space program will have to compete even more
vigorously with other demands on our national resources may, in the long view,
greatly benefit it. This kind of discipline forces even more advanced and
creative thinking.

1:1relation to the somewhat more competitive environment in which the
space program will likely function for funding, there seem=to be some renewed
concern that the economic factor will place too many space programs at an
unfair disadvantage. The feellng may be that innovations in space are anyone's
guessand that if they can't be predicted, then neither can their casts. Costs,
of course, have to be based on the proven or tested. There is no way ,+opredict

costson the more "high risk" technology programswhere technical problems
and systemcapabilities may be largely unknown. So the effect could be to
reduce or eliminate risk taking and this may, in turn, close the door on truly
dramatic but unrecognized passibilities.

There is no denying that this is a problem.

But I think the problem is easily exaggerated. Moreover, experience has
shown that the place to explore risks is at the basic technology level. You surface
your promisingpasslbilities here, and this is where you invest your "risk capital" with
a view toward eliminating the risks as fully as passible. You generally don't have
to take severe risks by the time you are in a major hardware program.

As for space competing for funding on the basisof economic benefit, there
is evely reasonwhy it shouldcompete very successfully. There is ample evidence

i that space applications will shortly - if they have not already-provide economic
returns that can match, or perhaps exceed by as much as two to three times, the

i annual national investment in space, both public and private. And this does not
s take into account the economic return to the nation of such factors as new space +

oriented industrles. Interestingly, very few people were seriously thinklng in
: termsof space providing an economic return until very recently. '

- XiX-
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Precise figures are still largely lacking. Nonetheless, the evidence is
clear For example, a study conducted for the National Academy of Sciences
pair. :d to the very high value of meteorological data from the Nimbus and
Tiros satellites, and the newer ATS satellites of the Deportment of Commerce.

j These data have encouraged the development of mathematical models to
simulate atmospheric systemson a global scale. The study indicates that weather

• and atmospheric data relayed instantly to computers programmed on mathematical
! models could make possible accurate weather forecasts for perlcds of up to ten
! days, and perhaps more. It is estimated that the value of such very Icng range

forecasts to agriculture and the construction industry, alone, could be in theJ

range of about $800 million a year. It is not difficult at all to visualize the
:. dramatic value that could accrue in such areas, as perhaps in geological survey

aviation, and shipping. As a matter of fact, as a devoted fisherman, I can see
! some real possibilities there -or for the entire vacation and resort industries,
: for that matter.

Weather observation is just one significant economic benefit. Communications
is another. There is no question that the cost of new satellite communicationi :
systemscompares much more than favorably with the costs of new trans-oceanic
undersea cables, or cross-continent underground and suspendedcable systems. I

! understand that A.T. & T. is currently estimating that a combined, space based

telephone-televlslon system - just for the domestic needsof the United States
would result in an investmentsavingsof about $200 million by 1980.

So, any argument that the space programcannot compete o.Jeconomic
grounds is apt to prove woefully short-slghted. In fact, it seemsro me that one
of the strongestcasesfor support of the space program in the coming years is going
to be the economic case. Like aviation starting in the late 1920s, space in the
mld-1960s promisesto open a vast new arena for economic growth. And this
translates in terms of new jobs, new challenges, and new possibilities.

There is, of course, another aspect of the economicsof space. Until
rather recently, all of our space programsadvanced in a comparatively uninhibited s
cost environment. This is not to say that no one was thinking about costs, or
worried about them, or attempting to hold them down. On the contrary, this
has been a contlnulng and critical concern. The problem was that we had almost
no technical alternatlves and even lessexperience. If we wanted to get into
space at all - if we wanted to develop a learning curve - then we had little
choice other than to proceed the way we did. From the technical standpoint, the
risks really weren't all that great. But we knew little about how to p,edlct some
of the costs.

Today we have a solid learning curve. We know a great deal more about
:i how to predict costs, and we also know a numberof ways we can cut or eliminate

certain costs. Consequently, we are at the point where it is realistic to demand

- XX -
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that every program be fully justified in terms of benefit in relation to cost. That
is, in preparing proposals and in advocating systems for space, we can address
the subject of costs with far greater confidence.

And this is to our advantage.

Moreover, NASA and the Air Force can now move even more in the
dlrectlon of commonality and of mu'_i-purpose designs with the aim of reduclng
costs. Not that this is entirely new: The man-rating of the Air Force Titan II
for use with the NASA Gemini is a case it. point. And, similarly, Gemini is
a vital element of the Air Force Manned Orbiting Laboratory (MOt).

But the trend will be even more pronounced. At the present time, in fact,
NASA and the Department of Defense are jointly studying possibilities for joint
use of manned and unmanned space systems. One possibility, perhaps, might
be a multipurpose spacecraft sultable for support of the mlssions and programs
both of NASA and the Air Force. Such dual mission systems if feasible and effective
in terms of the needs both of _4ASA and the Air Force, would result in substantial
savings.

Or, looking a bit further ahead, a very large payload space system might
serve specialized missionswith highly specialized instrumentation, a ferry run
to place support systemsin orbit for a future n,isslon, and a resupply missionall on
the same launch.

As you know, both NASA ancJthe Air Force are especially interested in the •
re-use of recovered spacecraft. WE've already had somesuccessin thls area on a
small scale. You may know, for example, that a recovered Gemini has been used
in testing a heJt shield for the MOL program. But on a much larger scale, our
preliminary studies indicate that there couId be very substantial savings in the
reuse of entire spacecraft - even though the initial costsmay be higher.

We are really just getting into the potential economies of re-usable systems.
We have been considering various propulsion modesfor re-usable boostsystemsfor

i several years. Much of this is vital conceptual and theoretical work.

i And, of course, the whole matter of re-entry and landing hasbeen of
considerable interest. Current recovery techniques - involving dlre" t impactI

either on water or on land - appear to involve too many shockstka, cannot easily "
be eliminated. Moreover, air recovery by parachute appears to be Iimlted by

, weight considerations, at least for the near future. So we are keenly interested
in large payload boostsystemsand spacecraft that would have the capability of
landing in much the same way as a conventional aircraft.

F
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In llne with this, NASA end the Air Force have been conduclir, g joint
lifting body tests, principally using the X-24A. The resuIts have been encouraging.
But there are st_l_problems. Frankly, the idea of a night or weather approc_chat
250 knots in an X-24, which has no go-around capability, doesn't send me to the
locker room for my flight suit. What we will want in the actual operational space

i systemis the capacity for conventional landing - combined with the ability to
go-around or remain in a holding pattern.

The messagein all of this is that economies for space systemsare not only i

possiblebut technically desirable. And those who still hold to the view that you
can't do anything in space without virtually unlimited fundsneed to adjust their
thinking. We can do a great deal in space very econemlcally. And we are going
to do just that.

i

t

We come, now, to one of the thorniest problems of all. This is the attitudei

that unmanned near-earth-orblt space systems_ have a role, but that man |4
space has no role. I will not, thls mornlng, recount the many familiar arg,Jments
in support of our manned space programs. This touches cn a subiect closest to

t ),ou becauseyou, better than most, know how crucial man is for space maintenance,
i and wh_ some of his potential extravehicular roles are_

In view of the broad range of space possibilities and the Iimlted degree
to which they have yet been explored, the questlon we should logically ask is

: simply under what circumstancescan man do a betteTjob, how much better, and
at what additional cost. This is a key question, and one we must answer in the
crucial post manned lunar landing decade. I

: _ We cannot ignore man in space and still remain ,echnlcally competitive
in space. But this is not the only compelling reason to consider man's role in

' space.

There is the matter of national securlty. I thlnk there is no natlon in the
•,vorld mare intent than ourson wholly peaceful space uses. But this deep intent
mustnot lead to the fallacy of ignoring one hard fact: There are potential *
military applications for space. This is not to say that we nee-'_,therefore deploy
hostile space systems. It is simply to say that we should _ the Fotentlal
threats - and be able to counter them if need be.

i

In this connection, at the present time, one of the mosturgent needs is to
' quantify military man's role in space. And I think that more people need to

understand that all of our military programsin space - manned or unmanned - have
this basic objective: To make any hostile military applications entirely unattractive
as a military expedient. More people need to think throughthe attitude that any

. military study of possiblemilitary applications in space will necessarily invite ,,
' hostile military applications. The effect is much more likely to be precisely the

• contrary.
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IF
I have talked about some of the current attitudes toward space, ond of my

own views in their connection. There are, of course, other attitude.', thnt I have
not addressed at all. Some of them may be obvious.

I have not, for example, discussed the often expressed feeling that space is
essentially the arena of the large corporation and of the large design team. This
is a classic misconception. We look back, now, on such "little" problems as
eye irritation, the crying need for handholds, and unexpected profuse persplratlor,
durina some of the earlier Gemini ext.avenlcular activity missions. And e knov.'
that the answers to these kinds of problems are most likely to come from the smaller
companies or from a single engineer or scientist.

So no one has an exclusive claim on space. Space is a truly national
challenge. We have essentially mastered the technology of space accessand .-
have made significant steps toward applications in space.

But the real path through and beyond the threshold of space is not the path
of technology itself, but of human daring - of our abi,ity to look well ahead of ,
current techno Iogles, and of current r_pplicatlons, for truly dramatic ad,ances and I
benefi:s.

The challenge of space cries out not just for huge, talented, and well i
manageddesign teams, as important as these are. It cries out even more for the
imaginative and the creative who are not inhibited by the past or intimidated
by the future, who are prepared to think unccnventlonally and positively, and,
above al!, who are prepared to help drive the space program toward a future we !
cannot now even foresee. •

._ Thank you.

J
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SPACE MAINTENANCE AND EVA

SPACE MISSIONS

INTRODUCTION

Walton L. Jones, M.D., Session Chairman
Stanley Deutsch, Ph.D., Co-Chalrman

NASA Headquarters

Welcome to Session i on Space Maintenance and EVA Space Missions.
Thanks to Bob and Larry, we have an extensive program aim, I at understanding
the capabilities of man to perform useful work outside the pressure vehicle in
space and the development of equipment and tools to facilltate this effort. We
are also interested in the development ,.f life support systems and space suits
required fo- astronaut EVA efforts as part of our larger effort in er,vlronmental
control systemsand protective equipment.

Our speakers this morning will cover mainline Apollo EVA, in-fllght
maintenance of spae._vehicles, and a look at several aspects of man's role in
EVA. Dr. Stanie 7 Deutsch, Chief of Man-Systems ',ntegration in my program
office, is co-chalrman of this session with me. Dr. D_,,tsch is program manager
for the NASA Extravehic,Jlar Technology Task Area.

Our first paper is titled "ln--fllght EVA for Mainline Apollo Missions. "
It is authored by Mr. Robert Bond and Mr. Jerry Goodman of the NASA Manned
Spacecraft Center and Mr. Frank Parker of the General Electric Company.

Mr. Bond, who will present the paper, is an Aerospace Technologist in
the Operations Integration Branch of the Apollo Spacecraft Program OFfice,

Manned Spacecraft Center, NASA. He joined NASA in 1965, after a period
as an officer in the Air Force. He rec._ived an M.S. in Psychology from the
University of Misslssippl.

Our second speaker is Mr. Donahl Ba,mes. Mr. Barnes has 28 years experience
in the aerospace field including 12 years experience with the Douglas Company.
Mr. Barnes is responsible For analyzing and defining logistics requirements for earth
orbital operations and the developr, Jer_tof logistics systemsand plans to meet these
requirements. He is the Chief of the Space Syster_ Analysis Section.

i

! Before joining Douglas in 1955, he served with the U.S. Air Force for 16 years
in maintenance and operations assignments, the last 5 years of which were spent as a -

'I Navigator with the Strategic Air Command. Mr. _rn. es will present a paper on
J In-flight Maintenance of Space Stations and Spacecraft.
I

I.I.I

!
i
I
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Our last speaker this morning is Mr. Peter Van Schaik, who was until
recently Technical Area Manager _or Space Maintenance and Maneuvering,
Air Force Aero Propulsion Laboratory. Mr. Van Schalk is now with the Advanced
Planning Office of th_ same Laboratory.

Mr. Van Schaik graduated from General Motors Institute nf T_chno!og_

I it,_ He, r._,_, entered ihe research and development on EVA Techniques ard

: Equipment in 1960. He has been responsible for programs on Astronaut Maneuvoring
Unit, Experiment D-12 on Gemini_ the Space Power Tool_ which was Experiment
D-,6, and various other EVA programs in the Air Force. Mr. Van Schalk will
discus_ man's changing role in EVA Space.

i
I

I

i

t
I
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IN-FLIGHT EVA FOR MAId,LINE DPOLLO MISSIONS

Robert L. Bond ' _.

Jerry R. Goodman

Apollo Spacecraft Program Office
Manned Spacecraft Center

National Aeronautics and Space Administration
Houston, Texas

and

Frank W. Parker

Apollo Systems Department _ .m
General Electric Co_.pany IHouston, Texas

SUMMARY: _le objectives of the paper are to define i

the requirements for Apollo in-flight EV&, trace the
! development of an equipment subsystem that wouldP

, support contingency EV transfer from the LM to the
, CM, and outline the present plan for a demonstration

i i of the system during space flight.

INTRODUCTION J

The objective of the mainline stage (figu_ 2) The crew will

Apollo program is to ian_ a two- remain in the CM (command module)
man crew on the lunar surface and until the combined vehicles have "*

return them safely to earth, attained lunar orbit. Two of
i Several approaches were available the tl_ee crewmen will then

i concerning crew composition and transfer intraw.hlcularly t_Tough _vehicle performance. The method the transfer tunnel from the CM

adopted by the NASA will see a to the LM (figure B). The CM, *"

three-man crew leave the earth with the one remaining crewman,
aboard a CSM (command and service will remain in lunar orbit

module ) lofted into earth orbit by while the I_,_,wi_h its t_-man "

a Saturn V booster. In addition crew, descends to the 1,Anar

to the CSM, the final stage of the surface. At the completion of
Saturn V will contain a I_i (lunar the lunar surface stay the
module ) which will be used for the ascent stage of the LM will
descent _o and ascent from the lift the crew into lunar orbit

lunar surface (figure i). Follow- to rendezvous with the CSM.

ing a propulsion maneuver by the The two spacecraft will dock m

third stage of the Saturn V which (figure 4) and the LM crew will

will place the combination of again make an IVT (intravehicular :-

vehicles on a transltu_ar trajectory, t_nsfer) into the CM; the LM will
the crew will dock the CSM with the be Jettisoned to remain in l,mar

• LM, and these two units will orbit_ and the CSM will return

separate from the booster's final the Apollo crew to earth.

1.2.1 " _._

:$

1971066602-034



REQ_MENTS FOR not be possible. The only remain- ,
IN-_V_IGHT EVA ing mode in such cases is an extra-

vehicular transfer (EVT).

| The two-vehlcle approach to the

_' lunar landing mission has brought The two classes of problems which

I about a new set of manned spaceflight could force the LM crewmen into therequirements associated with the EVT mode are (1) those relating to
: transfer of crewmen between vehicles. _he docking and the mechanical

i extensive ha%,_ devices to insure itsAlthough provisions necessarj

been made, both mechanically and pro- success, and (2) those associated
cedurally, to insure the ease with with vehicle control. In the former,
which IVT can be performed, there are the primary concern is the possible

two classes of potential contin- Jmmming of equipment in the trans-

gencies which lead to the need for a fer tunnel since the docking probe
backup transfer system should the I_T and drogue (figure 5) must be

I

i.2.2
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"A'A',,,,, design cycle, however, IL_SAdid not

DOCKING PROBE AND DP.OGUE have the advantage of .,ze experience

and insight gained in the EVA envi-

ronment during the later Gemini
DROGUEASSEMBLY PROBEASSEMBLY missions, and the initial Apollo

/_, _ transfer system, though seemingly

feasible at th._ time, proveA to be

inadequate to meet the requSfements.

' .... During the EVA's conducted on the
:.. I=

\ Gemini 4, 9, i0, ii, and 12 missions,
various techniques and hardware pro-
visions for manual extravehicular

locomotion and restraint were
evaluated. It was learned that the

FIGURE 5 l_ferred transfer device was a

rigid and continuous handrail along
which the _-gA crewman could urans-

removed from the passage to clear the late. Experience also showed that

way for the crewmen. In the latter, for any appreciable task to be
there is the possibility that exces- accomplished, local area restraints

sive consumption of fuel or control were essential.l

stability difficulties could render
the IJMa moving target rather than a In view of the recognized

stable docking platform. This family requirements for the EVT provisions,
of potential difficulties, however, and the indications from Gemini

is considered much less likely to experience that the initial concepts

become an overt problem than those provided for Apollo were inadequate,
associated with the tunnel hardware a team was formed to definitize the

manipulations, requirements and develop suitable
: hardware provisions to meet the

Although the lunar landing mission requirements. The EVA team recog- _
has been stressed, the EVT require- nized that the equipment needed by i •
ment remains unchanged for any Apollo the Apollo crewman to safely per-

!- mission in which manned LM operations form the extravehicular transfer i3.

are to be performed. Since only the from IAMto CM would include: ,

_ CM is designed for reentry into the
, - earth's atmosphere, crew recovery into (I) A system of installed trans- i

{ that vehicle is essential. Thus, the lation aids for manual locomotion on
EVT capability had to be operational both the I_ and CSM;

_ by the time of the first earth orbital/

i mission in which manned LM operations (2) Sufficient artificial illumi-. were to be conducted with the I_ nation of the transfer path to Permit

i separated from the CSM. a night-time transfer;
(3) A Personal safety line and

TECHNICAL APPROACH local area restraints, to aid in
body positioning where necessary

The recognition of the need for during the transfer;

an alternate transfer path between
the IM and CM led to an early design (4) A tool to permit opening of
of hardware to fulfill this need. the CM side hatch from outside in

At this stage of the Apollo hardware

1.2.3
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case the cre_m_n inside the C74had by the crewman wearing the pressure

i not already done so; and suit glove without slippage or loss

of rigidity under applied loads. A

(5) A spac__suit end portable life rectangular form factor was specified
support syst_ capable of protecting for handrail cross section, since
the crewman from the thermal-vacuum Gemin_ experience showed this con-

i environment during the period of figuration permitted good manual
transfer, control of body attitude. Provi-

: sion for the attachment of local
{

The design of provisions for (i) area restraint tethers was Judged

through (4) above was of immediate desirable to permit the crewman to
concern to the group, since it was restrain himself quickly to any
believed that the spacesuit-life translation aid at any point during

support system being developed for the transfer. Materials used for
, Apollo lunar surface EVA would the installed exterior translation

adequately support the EVT require- aids were to be such that high or

mont. low temperatures and conductivity
were not limiting factors in using

I General design requirements were the devices.
: then specified for the h_IT system on

both spacecraft. The prime mode of Since the above criteria applied
transfer would be via rigid transla- equally to both the CM and 124EVT

tion rails, hard-mounted to the sur- installation, one might assume the
faces of the vehicles. The system resulting exterior hardware would

would have to allow a crewman to emerge identical. This would have

egress his vehicle, transfer to the been the case, had i_ not been for
other vehicle, ingress the second the fact that the CM and 124 are

vehicle, and secur_ it for further constructed very differently to
mission operations for cases in which accommodate different environmental

the vehicles were (i) docked, (2) temperatures and forces encountered

tmdocked, (3) docked with one vehicle duxing their respective mission
without control authority, and (4) pP_ses. For example, the 124rides

without assistance _._roma fellow crew into orbit inside a protective
." member either docked or undocked, cocoon which opens only after the

; earth's atmosphere has been left

Additionally, the EVT hardware pro- behind (figure 2). Later, the i24
visions were to be designed to provide is discarded in lunar orbit long

for adequate support/restraint to per- before the Apollo crew reenter the

mit: (i) control of body attitude and earth's atmosphere. The 1/4
orientation during translations to exterior therefore contains neither

insure crew safety and prevent streamlining nor an ablative heat ,• damaging exterior equipment on the 114 shield and is functionally pat-

or CM, such as antennas, thrusters, terned to contain and shieS d the
window coatings, or the spacesult crew during orbital and lunar sur-

itself, and (2) the performance of face phases of the mission. On
work tasks, such as hatch opening and the Other hand, the CM exterior

CM 124 in_-_ss/egress, surface leaves the earth covered
tightly by a thin boost protective

The translation aids were to be cover which is jettisoned with the

simple in design, of minimum weight, launch escape tower prior to earth
fixed in place ready to use, and have orbit insertion (figure i). During
cross section _,ndclearance such that the translunar trip it sees the

they could be easily felt and grasped same thermal vacuum environment as

1.2.4
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the 124. On the return trip, after lighting is provided on all the
the I_4has been discarded, the CS4 hand_ails and a standoff polelight

surface must withstand the high heat is installed on the CSM il_uminating

of e_a'thatmosphere reentry and pro- the transfer area. The following
vide the proper dynamic lift and sections will describe the develop-

drag for stability and control during ment of the CM and 124exterior pro-
reentry. After reentry, parachute _ visions and describe the crew

are deployed from the CM exterior, personal equipment provided to
and after landing, swimmers scramble support EVT.

on the surface of the spacecraft to
attach flotation devices and a sea

anchor. It is apparent that any CO_OD MODULE

exterior fittings added to the CM EXTERIOR PROVISIONS
surface would have many more mission

phases, possible interferences, Late in 1966, EVA team members
and diverse environments to deal with oegan technical discussions with

than those ad;- _ to the _. North American Rockwell Corporation
to determine the feasibility of

The resulting exterior hardware installing a system of fixed hand-

provisions on the CSM and LM for EVf rails and tether attach _oints to
are shown in figure 6. Details of the outside of the CM. Initial

responses were predictably pessi-
mistic since the surface of the CM

_. is covered by about one inch of
TOTAL EVA TRANSFER PATH ablative heat shield material and a -

I_ boost protective cover fits snugly _

DOCXI_ over the conical surface at earth I
• SPOTL_HT latmch. To add anything to this ]
i _ EVA surface would necessarily disturb, f

i _ HANDRAILS the heat shield thermal integrity,the aerodynamic reentry shape of

! ! ANTENNA the CM, the fit of the boost cover

_ NAND_,L at launch, the fit of the launch

_ access arm (white room) through

i :FTmmUAL which the crew enter the CM on the

CONmOL pad, as well as possible interfer-
SAMPLES

HAND ('O'MISS_N ences with window vision, parachute
ONLY) riser deployment during low alti-

tude abort situations, operation of
FIGURE 6 the CM uprighting system in cases -

b where the CM comes to rest inverted

in the water, or interference with

the provisions are contained in the flotation collar which isattachments 2 and 3 to thi_ paper, attached by swimmers around the 6_

I The CM installation consists of six exterior to help stabilize it after

handrails installed on the conical landing.
surface and a seventh circular rail

which is located at the apex of the It was agreed, however, that the
vehicle. A single continuous rail Job was feasible, and, based upon

is installed on the LM leading from this, the team began initial place-
the front hatch to the docking inter- ment studies using a full size CM

face between the two spacecraft, mockup at MBC, Houston. A small

Self-contained radio luminescent portion of the top of the LM

Io
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spaceczaft was constructed and mated the side hatch. Rail "E" ",_uldbe
i with the CM mockup to permit visuali- used to pull the hatch open.

zation of the interfacing area across Reduced gravity simulations proved
which the crewman would make his rails "A" and "H" to be unnecessa_,

transfer. Existing locations of and they were removed from the
! windows, launch escape tower attach final system. Attach points for

points, side hatch, and RCS thrusters the crewman's personal restraint
: on the 634necessitated the adoption tethers were recommended at each

of a segmented transfer path instead end of the handrails, providing

: of one continuous rail. Figure 7 the crewman a number of choices
illustrates the initial rail locations for tether attachment should he

need restraint while translating,

opening the hatch, ingressing, etc.

The rails were placed within easy

__ reach of each other by a crewman
":-?_" " wearing the pressurized Apollo. tA1t

spacesuit, and each rail was

_.T A, required to be of sufficient length
":}_ND -::-- to allow the crewman to grasp it

v'SOb LE ..J simultaneously with both EVA gloves.

_L f_,_.p - While rail protrusion off the u-_

uO_,JP _-b-'__ surface had to be minimized, it

_f_ was determinedthat a grasp clear-
" ¢ ante of two inches was essential

'-_ to permit easy use with the
:-" pressurized glove.

At the North American facility,

Downey, California, details were
FIGURE 7 worked out to define how the rails

could be designed and installed
without interferring with the rany

chosen for further design study, other spacecraft systems and

The rails were designated "A" functions previously mentioned.
through "H" on the conical surface The rails were designed of aluminum

of the spacecraft, and a circular and fastened to the ablative heat
handrail was located at the apex, shield through heat resistant plugs

| surrounding the docking ring. This to prevent thermal shorts to the

I circular rail would be used by the cabin. The aluminum would burn
crewman to come aboard the CM from off during reentry before reaching
the LM should the two vehicles be temperatures which could be of

undocked at the time of EVT. The dan4er in this respect. The plugs

apex of the CM is located in front were designed to let the rails
and below the field of view of the break off cleanly in the event a

CM pilot as he looks through the parachute riser should contact a

docking window; therefore, the rail d.Aring chute deployment, and
circular rail would not interfere sides and ends were r_mped to

with the pilot's vision during the fair in smoothly with the CM

approach, but he could keep the surface and minimize snagging.
transferring crewman in sight until The boost protective cover was

he made contact with the apex rail. modified to provide bulges to
Rails "G", "F", "D", "C", and "B" accommodate each rail and faired

provide the path from the apex _o to prevent snags as the boost

1.2.6
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cover .jettisoned from the C_ during evaluate the proposed installation.

launch. For rail "G" the boost As sho_.n_in figure 9, Apollo crew_nen
cover did not require modification,
since in this upper segment a one

inch clearance already existed ,,,,.s.,..,,.,
between boost cover and CM surface BOOST PROTECTIVE COVER

(figure 8). By designing rail "G" ,_c._.a L,w_,

as a deployable "pop-up" rail, it CMSURFACIEANDI_IOSlrCOVEIt-.._/"-BOOSTcovmov||

was possible to fit it under the -z u\/_m_,oso,_
one inch clearance. A fixed design _°nAa _/ 0.3w mJ_CORK AgLATOR
was adopted for the remaining rails, _'__ \_
since in the lower portions of the /_ J_aw_Lt_\ _ _oo_covm- I// _ 7_',._ \_ mJSHOVR
boost cover, no clearance existed, _ _ _ \l LOwm_.O.

and cover modifications were +'t-__,¢_ _
necessary in any event. The trans-

verse and longitudinal ramps at the

end of each rail were designed to _(-_-)_ & _A,l_T
double as the restraint tether s.,_ O_A,LA
attach points previously mentioned. +z A,._,ol

In !.**arch1967, a preliminary FIGURE 8
design review was conducted to

i 2Y.%_.1,_[._:Elq,l_.

\ " I:L. --_---'

"" :;/- /
CREW C_-_L..--_ ..-.-_-_

_,' EVALUATIONoF __- *"_/_.'_':
; l:k'A HARDWARE ' .,.',_-',!

: j
i

). *'
: ," I ! :

FIGURE 9
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! utilized the full pressurized

spacesuit at this time to check

grasp clearances, reach distances,

and the hatch opening task. EVA ILLUMINATION AIDS

Having established the basic design -..-_,

: and acceptability of the exterior _.>h..._h.. V evaPo[_L_HT
system, the question of how to _%_:_"._
properly illuminate the CM surface

! _.._3oo ,j'_ ,
during a night time transfer was /_>CLYAWAY _ 30o,_ ,30°PITCH
investigated. The lighting pro- ._ UMBILICAL / 4S'_TWIS]DEFT

: visions would illuminate the I_-CM _(- ' _ L _._

i transfer path and facilitate night _ ._
i or shadowed daylight visual ._ _9
i detection of the location and _

! orientation of the handrails,

tether attach points, and the CM
side hatch. Work site illumination

_ for a possible _+_ "__.......ope....._ task F!GI_ !0

would also be provided. Since the
transfer might be with CM and I/4

0 undocked, the illumination source
would need to be installed on the EVA ILLUMINATION AIDS
CM. Two sources of illumination +Y

were proposed for evaluation: (I) . _ RI"G FO_SFL_TFOR LAUNCH

two deployable EVA polelights /;* _* ,._'_ HANDLE+z /"_ ! \ ' +Y

which would illuminate the CM with _iq'---:_--_/[-;

i the side hatch, and (2) self- _/ /-_ ,_

a soft light from either side of

' contained radio luminescent (RL) _ '-_ _-_P.d_ _'_lOI.E_ discs which could be imbedded in

, to the crewman as he transferred.

A lighting re_iew was conducted to

-_ evaluate these concepts in June

i 1967. As a result of this review, _eOeNO:
only the polelight to the right of (_PlC_L4 PLACES| .y eRLDISKS
the hatch was retained, and RL

I discs were made a part of each FIGUP_. ll

i handrail. RL will also be provided
on the CM side hatch to indicate

the location of the cabin d,_mp 5/8" was adopted since this con-

valve and the socket for the hatch figuration had been proved on

opening tool. Figures l0 and ll Gemini missions to be very satis-

illustrate the EVA illumination l'actory for manually controlling
aids. body position during EV transfers.

This rail shape presented minimum

Attachment P to this paper protrusion off the CM surface, and,
illustrates the complete CM EVT by proper selection of tube thick-

exterior installations, including ness and attachment method, was

illumination provisions. A made sufficiently strong to with-

flattened tubular handrail cross stand the following expected loads:
section of approximately 1 i/4" x

L

1.2.8
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(i) Ground handling loads during did not apply to the LM outer

shipment, installation, and assembly s,_rface.
of the CSM on th_ launch pad. The

rails could be expected to provide Fzom mockup studies using both

a natural place for workmen to grasp the CM and LM vehicles it was
or use as a step. proposed that a single continuous

rai_, approximately 130 inches long,

(2) _nual loads imposed by the be placed adjacent to the front i

cre_nan while translating and con- hatch (as shown in figure 12) to

trolling body positioning.

(3) Reaction loads applied by
the crev_nan's local restraint
tethers. _f

By designing the rails to with-
stand a force of 600 lbs, an adequate LUNAR MODULE _ :

: safety margin was provided for the EVA HANDRAIL _

i [ loads identified above. As pre- MOC_UP- _....
i viously mentioned, the rail attach- , '

_ _' ments were designed to break cleanly A _Je

'_ under very high loads (2,000 lbs for _

i
pilot chutes; 20,000 lbs for droguei

j chutes) which could be imposed by _ ":
%

parachute risers during chute deploy- _ _. . :_:-J_ment.

FIGURE 12 _

LUNAR MODULE _ _ _-_;:_
EXTERIOR PROVISIONS ....

lead directly up the front face li/__ 7_

[ Concurrent with initial mockup beam shield, past the rendezvous
and feasibility studies for CM. radar antelma, to the area of the .-._.

exterior E_T provisions, a full docking ring.

scale LM ascent stage mockup was I' "_III!

utilized at MSC Houston to inves_i- Detailed design studies were
gate possible configurations and undertaken at Gr_mman Aircraft

routing for a LM handrail. This Engineering Corporation for the
exterior rail on the LM would LM rail installation concurrently

provide the transfer path from with previously described CM i _
the front hatch area, across th_ design studies. The rail location E_
front face of the vehicle, to the was found to be feasible as pro- -_
docking interface, where th_ - posed, and the engineering effort .• _

crewman would make the transition was concentrated on adopting the .. "
from the LM rail to the CM rails, rail supports to the relatively _ " _.

lightweight construction LM struc'

Design and placement of the LM ture to achieve the required tall :_

EVT provisions was to be decidedly strength, while at the same time
essier than on _he CM since the insuring no thermal leak paths _
questions of aerodynamic inter- Znto the crew compartment. . -

ferences, reentry heating, and _-./

earth landing system interference Since valuable fuel is required //._
to lan_ and reorbil every piece of *_-_,:,_

1.2.9 _: .....
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installed equipment on the LM ascent The best test would obviously be

stage, every effort was made to keep to fly the installation on an actual

the handrail as light as possible, spscecraft, therefore test rails
The total f_nal installation weighs were installed on CM Spacecraft

approximately six pounds. 017 and 020, scheduled for the

' unmanned flights Apollo 4 and
Supports for the rail are located Apollo 6. Rails "B" and "F" were

at intervals of about one foot. flown on Spacecraft 017 and rails

Should the crewman wish to stop "B", "D", "E", "F", and "G" on
enroute to the CM, his local restraint Spacecraft 020. Post recovery

tethers can be attached to either inspection of the rails showed

the rall supports or the rail itself, that they sur_zived the reentry
! Since the LM rail is continuous, the heat with no apparent damage,

. crewman will be able to make the and were in fact very useful to
transfer along the rail to the CM recovery team swimmers as they
without letting go enroute. However, worked to install the flotation

for added safety, illumination aids device. Figure 13 shows Space-

: to _rovlde nighttime visual cues craft 017 just following splash-
were provided by installing radio down, with the swimmer holding

luminescent discs at intervals along rail "B." Figure 14 was taken

the rail. of Spacecraft 020 by one of the
swimmers approaching from the

Attachment 3 to this paper water, an_ figure 15 shows again
illustrates the LM exterior EVA the excellent condition of the

provisions, rails on Apollo 6. The recovery
team member is making good use

of rail "B" in figure 15.
DEVELOPMENT TESTING OF

I VEHICLE EVT PROVISIONS An additional test was conductedby North American Rockwell Corpora-
The development tests necessa_- tion to investigate the failure

for the exterior EVT installation mode of the rails in case a para-

were of two general ty .s: chute riser should sweep across
the CM conical surface during

(1) Hardware qualification tests the chute deployment. This could
to instu'e that the handrails would take place as the CM oscillates

perform as designed ,ruderthe heat, during normal reentry and chute
shock, and vibration loads encountered deployment or in cases of launch

during the mission, and abort in which the CM tumbles as

the chutes deploy. Risers were j
(2) Functional tests o_ the passed over a segment of the

transfer path, utilizing fully conical surface containing typical

s_Ited Apollo crewmen, to verify handrails, at the anticipated
• the adequacy of the equipment and tension loads, and the rails were

develop procedures for use during broken off cleanly at their base

the missions, mountings. No snagging was
encountered in these tests.

In the first category, the CM

rails were of primary concern No special qualification t_sts '

because of the close interface with were necessary for the LM rail
the boost cover, heat shield, and installation other than those

earth landing system during launch normally associated with thermal
and recovery phases of the mission.

1.2.10
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!. and vibration qualification of the
LM external surfaces.

_: _ APOLLO6 SCO2OPOSTR.mHT
.. , In the second category of fu_nc- '_

';k tional testing, the objective was :
" .- '_"_. " _' to exercise the complete r_[-_M

"" :, " _.... _'_-/¢"-_ transfer path in candltions as

_ _ ,,,;_, ,-_ close to the zero gravity environ-

"* _i[_ ment of space as possible in order

_ _ ". ',, .,.,.,.,.,.q_ to verify that the placement, size,i , .,,,_._,_ _ shape, and strength of the provi-
]'_.*'d- '_ " _'_, sions were in all respects ad_.quate

•_. ' , _, _ to provide the emergency _T capa-,
-; _,_- bility. Although no single test_

..: medium on earth simalates fully the ,..
---- vacuum and zero gravity of space,

two methods have been developed *'
FIGURE 14 which closely approach these con-

ditions and, when employed together

1.2.11 !
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in a test program, th,.¢give a high The LM mockup permitted the Apollo
degree of confidence that results crewmen to egress the LM through

will be similar to those to be the front hatch and translate along
encountered later in space. The the TZ rall to the vehicle docking

first method utilizes a USAF KC-135 lnterface. The CM mockup was then
aircraft to fly parabolic flight utilized to complete the transfer *

paths to achieve about 30 seconds maneuver, attach personal restraints,
of zero gravity in the cabin area. and perform the hatch opening task•

The second employs an underwater Figure 16 shows Apollo crewman

test facility to _rovide longer Michael Collins translating along
periods of simulated weightlessness, the LM rail after clearing the

although an obvious drawback is the front hatch area, and figure 17
ever present viscosity of the water shows the crewman opening the CM

which impedes movement and tempts side hatch asing rails "D" and "E."

the test subject to swim.
The larger volume of the water

For tests aboard the KC-135, immersion facility permitted

partial mockups of both the CM and Joining full sized LM.and CM
LM were installed in the cabin, mockups underwater for a complete

1.2.12
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OPENING . _!'-.;_)-, ,
COMMANO ,:,

• MODULE _, .'_.: _,,,,• _.,_..,_.._,_

ALONGLM 'HANDRAIL _ ' •
|N ZER_)-g . _N*_ERO-C_". .,,'; " ,I . " '

, • , : _.:., ,,

FIGURE 16 FIGURE 17

ttninterrupted *ransfer simulation view of the similarity botween
from hatch to hatch. Several Apollo extravehicular environments iz

cre_men performed this exercice orbit and on the lunar surface,

with apparent ease and rated the the sam_epersonal equipment will ::
installabion as adequate for its support both.

designed purpose. Figure 18 shows _
an Apollc crewman making the trams- The combined spaces_it-life

fer in the underwater facility at support system develol>.,dfor the *

i _ MSC Houston. lunar surface EVA is known as

ii ! the EMU (Extravehicular _bil.!ty" Unit) and consists of the fol-

INDIVIDUAL CREW lowing items of equipment:
EQUIPMENT FOR EVA

The PGA (Preszure Garment

The extravehicular space environ- Assembly) is the basic spacesuit,
ment to be encountered in earth or which llke the Gemini suit contains

lunar orbit is similar, though an integrated multi-layer thermal- __

somewhat less severe than that to meteoroid protective garment. To

be encountered during lunar surface a greater degree than earlier

EVA. In each case, the crewman suits, the PGA is an approximately "
will be exposed to the ha_ _ vacuum, constant volume _uit which allows

direct sunlight, and micrometeoroids, greater gener'_l mobility while :'_
On the lunar surface, additional pressurized.
heat will be encm,ntered from reflec-

tions off the surface and from The EVVA (Extravehicular Visor

craters, and a weak grav_ _y field Assembly) fit_ over the spacesult
equal to one-slxth that on earth helmet and contains two coated

will give the crewman a vertic_l visors which m_¢-be selected much . _
reference and the capability to like sun,lasses to protect from :
walk over the lunar surface. In direct stm glare or reflected .

orbit there will be no apparent glare from the spacecraft or ,
gravity field acting on the crewman ituuar s.urface. .r
and the heat loads on his spacesuit --'
will be somewhat less scvere. In " '_

1.2.13 ." "'"_
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:_ A pair of lunar boots is worn over The OPS provides an independent

_he PGA boots to provide firm footing 30-minute supply of gaseous oxygen

on the lunar surface and provide addi- as a backup to the PLSS. A multi-
tional layers of thermal-meteoroid layer thermal cover for the PISS

protection gas connectors protects against ,
the lunar heat loads.

.. oa-"r c.,. extravehicular gloves is
substituted for the normal intra- Current plans are to leave the

, -;eb:l,cu.l.ar gloves, rZ_.e_f gloves lu_uarboots, gas connector covers,

_, contain .dded thermal-meteoroid and PLSS on the lunar surface at
proteetive layers, lift-off. The OPS would be

carried into lunar orbit to serve

_ The PLSS (Portable Life Support as the source of extravehicular
System) is worn on the crewman's life support for the contingency

back during lunar surface EVA and EVT, should it be necessary.

is capable of supplying oxygen and
"' cooling for a four-hour excursion The personal equipment items to

outside the LM. A backup emergency be provided the crewmen uniquely
device, the OPS (Oxygen Purge System) for the EVT consist of a single

is worn as an attachment to the PLSS. safety tether line and four

1.2.14
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personal restraint tet_hers, two for

each man. The safety line will be "
_ASA-$ oo 3yoo

approximately 25 feet long and will CREW EQUIPMENT FOR EVA
be utilized to provide a positive

connection between the EV crewman and ox,_,e_ _->_, /_L_'VA
the _pacecraft at all times. This ram@,svs.__..-_, /---PLSSCO_n,OLeOX
line would be attached inside the ms----.._ / //_ 4,"k___J_?'_Z'_'_'_'_'_'_¢._-OtSAC*UA;OI

the transfer to the CM. _.Cter ox,c,m pu_l-- _--{_411_
sTs,wu_uJ__ _ -_-_co_ux_.xnoxs.

entering the CM, the first crewman _.._-J__mA.O. Am
would attach h_s end of the safety ]g_[-L _ uaumcoou_"k ummu_u

" -/

line inside the CM cabin. The u,_m, m.G _-ovi
other end of the line would then be

disconnected from within the I24

cabin by the second crewman and w,_ovr_-----.__,'l. _ MA_M RXX

attached to his spacesuit prior "_ c_=__
to his making the transfer. The
short restraint tethers are

fastened at each side of the FIGURE 19
crewman's waist and are adjustable

in length. Their purpose will be

to provide local area restraint while manned l,mar landing missions. In

performing ,,a)rktasks such as hatch t.hissequence, the "D" type mission
opening or to permit the crewman is an earth orbital mission in
to rest and relax without the neces- which both the CSM and IAMwill

sity of continuously grasping a perform manned maneuvers. Since
handhold. These small restraint the manned [24 undocks from the

tethers will also be useful for CSM in a mission of this type,
temporary restraint of loose items, the EVT capability must be opera-

tional and ready to support a i -.
The final item of personal equip- possible contingency transfer by : .

ment fol"the EVT is the small hatch flight time. Extensive training i
opening tool which is supplied to will be coneucted _n various simu-

_ _ the first crewman making the transfer lated zero gravity facilities

i_ to the CM. It is to be used only in prior to the time the "D" type
i _ case the third crewman inside the CM mission is flown, although the
! _ has not already opened the side total operational environment of '

hatch in ore _ration for the EVT. thermal vacuum, zero gravity,

! and flight hardware and vehicles
_ Figu_'e 19 shows the full range of will not be encountered until

: _ personal equipment to be used in the actual flight, mhus, the EVT
Apollo EVA. will be demonstrated in the mission

{ _ timeline prior to manned undocking

_ of the LM._ MISSION "D"

i _ PLAHNED EVA The planned in-flight EVT demon-
, st_ation will occur during the

' _ The types of missions leading up fourth day of the mission, follow-
__ to a lunar landing mission have been ing a full day of IAM checkout and

!_ designated as types "A" through "G," systems exercising with the LM

where "A" tjpe missions are umnanned and CSM docked. Undocking, separa-
CSM's, "B" type are u_unanned LM's, tion, rendezvous, and redocking

etc., culminating in "G" types being

o .
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will occur on the mission day suo- ensuing activity. Following this

sequent 4o the _. p_:eparation activity, the r_2.!will
be depressurized and the _TA crewman

The EVA day will begin with a will egress the vehicle through the

short period of IZ4systems checkout fron% hatch and mount a 16 r_n
: to insure that those vehicle sub- sequence camera on the boarding

systems necessary to support the platform handrail, i_is camera

activity are fmlctioning properly, will face the v.ransfer path and
A period of EqA preparation _.rill "__!i view the cre'_nan's activityf

follow the vehicle checkout, and during transfer and CM ingress and
! tPis period will be devoted to egress. The expected view is

: donning and functionally checking sho_..min figure 20. The cre_r.an
out the _'A life supoort equi_-_en-% will then ingress the T:4and

and generally configuri._g the prepare to " _ke a timed transfer

vehicle and personnel for the to the C_4.

NASA-$4_-3781

i CM AS SEENBY'LM EVA CAMERA

• .#

I

FIGURE 20

i
Concurrent with I.MEVA preparation, camera to the CM side hatch in such

the crewman remaining in the CM will a manner that when the hatch is

'_ prepare that vohicle to support the ful]y opened the camera will view ;.
i EVA. He will mom_t a 16 mm sequence the transfer path and the _ egress "

i 1.2.16
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and ingress. The e_ected view is the EVA. Both the 16 mm cameras

shown in figure 21. The CM side will be remotely controlled by the

hatch will be opened Trior to the crewmen remaining In the vehicles,
first egress from the _ so that thus camera running time cs_ube

photo coverage will be available limited to those periods when the

for all activities performed durir_g EVA crewman is within camera range.

NASA.S 68 378C ; ".._../.v,_• £

LUNAR MODULE ; _: _-"
-AS SE

[ OMMAND MODULE i
EVA CAMERA " " ;.

', . \\

-.,_s

%

-%

:< : ,1
I _ -

FIGURE 21 '

-i _ The EVT _ili be performed as a hatch. The samples will be passed

I timed end-to-end activity, uninter- to the crewman In the CM forj rupted by other activities, such as stowage, and the EVA crewman will

_i _ the mounting of the camera. The return to the LM via the transfer
_' crewman will egress the I_4,trans- rails. This first sequence of

J_ late to the CM side hatch via the activities will co,hence at the
LM and CM handrails, and ingress the beginning of a daylight pass and

CM, Following a rest period, the terminate with the crewman backEVA crewman will egress the CM and at the LM boarding platform before

retrieve several thermal control the vehicles enter the dark portion
,_amples located on the surface of of the revolution.
hhe CM and SN '.nthe area near the

1.2.17
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The EVA crewman will be restrained case of emergency, and he is addi-

in a standing position on the LM tionally gathering life support
boarding platform during the nightside system performance data pertinent

pass and will evaluate the various to the lunar surface mission.

lighting aids associated with the EVT

! during that time. The e_-e_nan in the
i CM will actuate the various lighting CONCLUSION

modes, as necessary.
This paper has been addressed

Following the sunrise subsequent to the recognition of the need

to the lighting evaluation, the EVA for an alternate return path fx_m
! crewman will retrieve a thermal con- a space vehicle which has for

trol qample located on the forward some reason lost its capability

! surface of the LM near the co_nander's to dock with its sister ship or,
window. This sample will be passed having docked, is incapable of

! to the crewman in the LM and the supporting an intravehicular
. remainder of the EVA will be devoted crew transfer. In eit.b_r case,

to activities in the vicinity of the the or,ly path of return for the
I_ forward hatch. As the total EVA crewmen is via extravehiculex

time approaches two hours, the EVA transfer. The efforts brought
i crewman will ingress the LM and the to bear on this problem were

EVA period will be terminated. A aimed particularly at the mainline

period of post EVA activities will Apollo contingency transfer, but

conclude this phase of the mission the technology developed is a
, and will include doffing the EVA step toward EVA as an operational

equipment, stowing the items used capability. The authors hope
,$ or coL1_cted during the EVA, and that the hardware and procedures

_ configuring the vehicles and developed for Apollo Eh22will

: personnel for an eat and sleep period, become part of an ever growing
-_ technology aimed toward future

Since current mission planning programs and missions in which

•_ calls for this to be the only planned EVA will be an operational
_,_NAprior to the surface excursions requirement rather than a con-

of the lunar landing mission, the tingency procedure.
timeline has been extended beyond

that necessary to demonstrate the

i _ in an attempt to g'_ther data

from, and operational experience
with, the hardware intended to sup-

i port the surface excursions. The
crewman conducting the EVT will
wear the full array of life support

i equipment to be worn during lunar
, surface EVA with the exception of

the lunar surface boots and a
! thermal protective cover for exposed

i spacesult gas connectors. He will
have available both the PLSS and

OPS, although only one of these

units wo_,ldbe used du_ing an sctual
contingency EVT. By having avail-
able both units, the crewman hus a 1Gemini EVA Summary Report,

redundant life support syztem in _C-G-R-67-2

1.2.18
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IN-FLIGHT MAINTENANCE OF SPACE STATIONS AND SPACECRAFT

/_. A. BARNES

Advance Systems & Technology - Logistics Support

Douglas Missile & Space Systcr_s Division
McDonnell Douglas Corporation, Huntington Beach, California

SUMMARY: There has been considerable discussion of whether or not

in-flight maintenance is a valid requirement. A review of past experience
clearly shows that human error and equipment failure are ever-present,
and have a definite effect on mission success; therefore, the major issue
i s not whether an in- flight maintenance capability should be developed, but
rather how this capability can be developed in terms of technical and
economic feasibility. Current and futur_ space maintenance require-
ments are presented, showing the dynamic relationship oftbese
r e q u i r e m e nt s with reliability, maintainability, equipment design and
human factors criteria, tog c the r with *he ultimate effect on mission %

_. succe:_s. Mission-oriented maintenam _ncepts are established for.
: each mission category, which include earth orbital, lunar orbital and

plan=tary flv-bymissions. Each cc,:Lcept considers: what canbe
replaced or repaired, what can fail but cannot be replaced or repaired
in-flight, what effect replacement and repair action (or its omission) has

• . on mission success or crew safety, and how often replacement and repair
is required. The four basic maintenance modes presented are: remove-

! replace-discard, repair without removal, remove-replace-repair, and
i remove- repair- replace. Simplicity, improved equipment reliability,
: crew safety and improved i. robability of mission success are among _he

criteria established for each maintenance task. Other considerations
include: crew time available for maintenance, fault detection and iselation

i
, systems, maintenance aids, the requirement for resupply missions and
{ maintenance techniques necessary for intravehicular activity (IVA) and

extravehicular activity (EVAj. This approach results in in-flighti
. _ maintenance policies and plans which further assure attainment :
i _ of mission objectives.

I - l:
"[ _ INTRODUCTION sion factors to be con.=,idered. The

selection of mission objectives with
_ The rap_d pace of ever-expanding their resultant tasks requires careful

I : technologies coupled with the highcost and thorough analyses to be compati-
of research and development (R&D) ble with and support the national space

i _ activitiesinthe environmentof space programobjectives. Also, technical
[ _ ,nake it both logical and realistic to and economic feasibility, along with

[' conclude that future manned space- crew safety, are prime decision fac-
i _: flight missions will be of extended or tors which are employed throughout

long duration in order to obtain the the mission planning process.
maximum return on the R&D dollar

investment and to minimize the gaps In planning _he operation of any
in technology gains, hardware system, whether it be for a .

space or terrestrial envi- _nment, it -
The planning of these missions is is essential to identify tbe factors/

avery complex task with ma,.y deci- influences which can have a " '

1.3.1
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significant effect on mission success, tection fcr long term manned space-
When adverse conditions are identi- flight missions - an IFM capabihty.
fled, it is necessary to provide a Simply _efined, IFM consists of all
means of compensating for them. actions necessary for retaining an

'i Thus, some form of contingency pro- equipment item in or restoring it to
._ tection must be made available, a specified condition during manned

spaceflight missions.

The mission planner has four (4)I
! basic options in the selection of a con- In-Flight Maintenance is a part of

tingency protection approach which an integrated Space-Terrestrial
S will assure the required degree of Logistics (STL) System. Figure l

operational availability. They are: shows the interface and interdepend-
ancy of IFM with the other elements

• To overdesign the mission hard- of that system Heretofore, the con-
ware systems ventiJnal support methods have been

• To incorporate redundancy in the feasible, largely due to the short dura-
mission hardware systems tion of current orbital flights. Hove-

• To accept some degree of degrad- ever, with increased emphasis being
ed performance placed on manned orbital missions of

•' _ • To provide an In-Flight Mainte- extended duration and on preparation
nance (IFM) capability for earth-lunar missions, it is nec-

" essary to plan the development of a
, These options are interrelated and system c_.pable of supporting these

one apFroach need not be pursued to operations. The criticality of earth -" the exclusion of the other three. In
orbital, lunar, and interplanetary

most cases a decision will be made operations, in terms of crew safety,
to employ a mixture of all four (4), support response times, allowable
depending on technology level {state- downtimes of flight hardware, etc.,

!, of-the-art), systena design conlplex- together with the requirement for a
ity, mission duration, reliability cri- precision interface between space and
teria, crew safety, etc. terrestrial logistics functions, make ,

it mandatory that an effective
: Ithas been theorized that IFM is STL system plan be developed
i not required because of thehigh reli- and implemented.
! abilitg and system redundancy which

_. will be incoxporated in space stations Past experience has also shown
and spacecraft. This might be true that effective support doe_ not iust

'- when considering short term space- happen; it is the result of a reitera-
i craft such as Mercury and Gemini; tive planning process. /,u IFM capa-
i however, when dealing with manned bility must be planned, tested, evalu- J
' spaceflight, that is measured in terms ated, and replanned through many
'; of months and years, the inescapable iterations before a satisfactory capa-
i fact remains that equipment does fail bility will emerge. Therefore, ,_ is
i and the probability of human error logical to assume that an IFM capa-

does exist. Therefore, logical and bility will be developed as an evolu-
sound judgement must be e_ercised to tionaryprocess. The initial capability
strike a balance between two (2) phi- will be relatively simple; however, as

i losophical extren_es - optimism and empirical data is accumulated, the
i. pessimism. The balance point be- scope and depth of lFM technology willtween these extremes is realism.t
,. be increased.

[ This paper will discuss _he devel- A number of space maintenance

opment and implementation of the most (IFM) studies have been condacted in
reaiisticapproach to contingency pro- conjunction with the prototype

I
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IFM

4 VEHICLE SYSTEMS I " ENVIRONMENTAL'ANALYSISLOG'STICS "-_ CONTROLsuPPORTsuPPLIEsANDLIFE "_ _ CAPABI LI TY/TECHNOLOCIY

OPERATION

I MISSION I SUPPLIES

' __ _r ITEM_ ,

----SANDt-- AND VE.,CLEFRE°UENCY.O,P--T,, OES,VALUES
..CLESYST. I

IYE,,CLESYSTEMSI RE_,RE--TsLO_"ST'_S-- _ _ _I SPECIFICATIONSI . SPACECRAFT
t • SPACE STATIONS NEAR TERM EFFECTS LONG TERM EFFECTS• CREW MODULE • INCREASED • DESIGN

• CARGO MODULE PROBABILITY IMPROVEMENT

I _INTAINABILITY I • RESUPPLY FRF.QUENCY

AND RELIABILITY | AND MIX • OF MISSION SUCCESS • REDUCED SUPPORTIMPROVED CREW COSTS
CRITERIA | • RETURN CARGO SAFETY • Da'-SIGN

EVALUATION _ • EXTENDED MISSION SIMPLIFICATION

• WASTE DISPOSAL DURATION • INCREASED
• • ONBOARD STORAGE • TECHNOLOGY ,_ELIABILITY

_] • CARGO HANDLING• CREw SIZE AND • GAINS _* REDUCEDACCUMULATE TECHNOLOGICAL
ROTATION EMPIRICAL DATA RI(.X

• IN-r bIGHT

"*INTENANCE _ I _ I
CAPABILITY

t VEHICLE SYSTEMS

EFFECTIVENESS J

i FIG I - THE SPACE-TERRESTRIAL LOGISTICS PLAN

i

d_velopment and testing of a variety required. All too often an attempt is _ '_
I . o._ space maintenance tools. These made to "reinvent the wheel" instead _ '

'_ efforts have generally produced good of using the technology and other sup-J

', results; however, they have been frac- port resources thatare alreadyavail-

_i : tionated and have not provided for the able and capable of fulfilling support _'deveiop_ent of an integ rated IFM requirements. Therefore, new capa-
_ technology and capability ,-_hich con- bilities should be acquired through an

siders the total spectrum of manned evolutionary process which provides :
spaceflight missior_s. Although some testing and evaluation milestones that

i mzssionsmay not rL-zquireevery /acet progressively measure the effeztive- '

of an integrated IFIV_ capability, the ness of the development approach. :

; IFM capability should not be fraction- Figure 3 shows the analyticalpath fol- :

I ated until it first has been analyzed and lowed to determine the initial scope i _
' defined as a complete entity. The of the development e:fort. _ _
i development sequence for an inte-

grated IFM technolo;_y and capability

is shown in Figure _ The approach taken, in this p_per, _," for the acquisition of a space nlai _te-
nance capability is unique in that it:

• _ Early in the development of any
, support function, existing capabili- • Considers the total spectrum of "

t'es should be examined to determine manned spaceflight missions.

%x,hetlJerthey can be hsed "as is," if • Provides for thedavelopment and

they can or shoul4 be modified, and implementation of an integrated

lastly, if a complete n _.wcapability is IFIV[_'echnology and capability.

"3.3
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IFM

! CAPABILITY

; IFM

TECHNOLOGY ]Ii ESTABUSH PREPAR E AND

MISSIOF, IMPLEMENT
CAPABII.ITY IFM PLANS /

REQUIREMENT

i DEFINE IFM
- MISSION POLICI ES

OBJECTIVES

[_ DEVELOP :'ERFORM |FM _'_

! ! MISSION REQUIR EMENTS
: . OPERATIONS ANALYSIS

-- i CONCEP r DEVELOP

DEVELOP MISSION__

SYSTEM IFM

DESIGN CONCEP r

DEVELOP IDENTIFYR_LIABILITY IFM
AND MAINTAIN- DEMANDS

_. ABILITY CRITERIA

ESTABLISHIFM
CAPABI LITY

REQUIREMENT

.t FIG. Z DEVELOPMENT OF AN IFM TECHNOLOGY AND CAPABILITY

! -• Employs modular techniques for ing guidelines are realistic, and pro-
mission-oriented IFM concepts vide a frameof reference or parame-

• Combines simplicity and sound ters wherein the ensuing discussion
judgement -ithsophistication and is presented.

aut orp atJ _n.

I • Integlates with an STL Plan. • A requirement either does or will

I The remaining text of this paper is exist for short term, extendedarranged as follows: duration, and !ong term manned
spaceflight. ,

I • IFM Demands • Crew safety is aprinze considera-
• IFM Concepts tion in all phases of development

• fFM Requirements and implementation of an IFM
• Policies and Plans capability.
• Conclusions e Max'.mum use must be made of :

• Re_erences the technologies and materials
"_hich presently exist.

; • An IFM capability will be devr'-
_ GUIDELINES oped to bridge the gap between

required and achieved system
_the number and complexity of ta_ks reliability.

• n,volved in the development and imple- • The development of an IFM capa-
mentation of an IFM capability make bility r e qui r e s an integrated
it necessary to first e_tablish the effort of the Design, Rel:.ability,
scope and depth of IFM. The follow- Maintainability, Human Factors,

..t._
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r__ WHAT IS IT

AND WHAT MUST
IT SUPPORT?

i "STABL,SH[ ,S,T
'FM .EC..ARY?

I CAPABILITY
REC_UIREMENr

HOW

IS IT !
DEVELOPED AND

IMPLEMENTED? IDEN'fIF ! AND IDENTIFY :

CAPABILITY CF APPLICABLE DEMANDS/
REQUIREMENT EXISTING REQUIREMENTS ,CAFABILITIES

t..o b , ,DEVELOPS AND
w.o ; i

IMPLEMENTS? I ESTABLISHINITIAL i ::; ;

t WHEN MUST IT / tFM CRITERIA ;BE DEVELOPED, _ !

IMPLEMENTED, AND _ i

FOR HOW LONG? i

t WHERE WILL IT 1 i

BE DEVELOPED _ _ " w

[ AND IMPLEMENTED? / • ,.i '-e

i ,.
1

z FIG. 3. INITIAL IFM CAPABILITY ANALYSIS _-

[,
_: Systems Safety, and the Logistics Maintenance in a space ,
_ dis ciplin e s. envir _nment. .,

• An IFM capability must be based • To identify the need for an inte-
on realistic requirements and not grated IFM capability and IFM

i( desires, technology.
• IFM planning is an integral part • 2-o describe the rationale and

of the mission planning process, development p r o c e s s utilized
i • A Zero-Gravity environment is i,_ their acquisition.

assumed for all IFM actions dis- • To establish the interdependancy
cussed in this paper, ot IFM, Hardware Design, Reli-

e For purposes of this paper all ability, Maintainability, Crew
maintenance performed during Safety, Haman Fa cto r s, and

lunar landing and lunar explora- Logistics: and how this integra-
tion missions, and during inter- tion of engineering disciplines
planetary landing and exploration relates to mission success.
missions is initially considered . -
IFM.

_, IFM DEMANDS

The first step in the development _;,
OBJECTIVES of an integrated Ii?'M capability is the

The objectives of this paper are: definition of naission objectives which
_reate certain IFM demands. These _,,.

• To present a realistic and corn- demands are missioP.-peculiar (MP) _,
prehensive approach to In-Flight and result from a variety of space

;.

i.3.5 , '
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i
station/spacecraft mission opera- • Unmanned Space Stations/
tions. The MP demands, in turn, Spacecraft

i c r e at e ma;-ntenance resource (MR)
m_ demands. IFM demands possess the These demands are functionally

*t following characteristics: divided as follows:

• Type or Kind • Space Station/Spacecraft Pri-
• • Magnitude mary Flight System (i. e., Struc-

• Frequency ture, Guidance and Control,
• Location Propulsion, etc. )

• Environmental ¢'ontrol and Life

A more detailed breakdown of the Support (EC/LS) Systems
demand characteristics is shown in • Scientific and Biomedical

Figure 4. Experiments
• IFM Technology Experiments

Mission-Peculiar Demands A summary of mission-peculiar
demands is shown in Figure 5.

MP demands are generated by the
operation of the following vehicle
systems: The generation of mis sion-peculiar

demands for IFM has been presented
• Manned Space Stations in general terms of vehicle system
o Manned Spacecraft operation. More specifically, these

f MISSION OBJECTIVES

I
I I

I ,/ I
• AVAILABILITY I .... ••_O.TTEA. I II: _.'r.',;"
• CAPABILITY | • LUNAR | IPL^Oiu_r_TERM" 1 [ _ _'_T_PLANETART

_" _ ......... I I I"TRA_'_'TATION• 112rA¢,_.,a

eTOOLS AND TEST EQUIPMENT I ENVIROIGIENT
J OMAINTENA/4CE AIDS i • RESTORE SYSTEMS EVA

oNANDLIHG | AFTER FAJLUEE IVA

oUFE SUPPORT TRANSPORTATIONPACKAGING &

) SPARES il NUW_ER OF LOC_TIOICS
,e REPAJR KITS/PARTS il • QUICK REACTION il
• CGNSUM&BLES il • LONG LEAD TIIIE il • SINGLE

• BULK ITF.JdS • IdULTIPLE

• TECNIilOLOGY I MISSION DU ATION I
DSAFETY I_ LONG TEIU4

FiG. 4. - IFM DEMANDS

1.3.6
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MtSSIONOBJECTIVES

MANNED MAHNED UNMANNED ;.,
SPACE STATIONS SPACECRAFT SPACE STATIONS/SPACECRAFT

eEARTH ORBITAL • EARTH ORBITAL • RESCUE STATIONS
(SHORT TERM) CREW DELIVERY • ASTRONOMICAL

• EARTH ORBITAL CARGO DELIVERY OBSERVATORIES
(EXTENDED DURATION) RESCUE MISSION • COMMUNICATIONS

• EARTH ORBITAL CREW AND CARGO SATELLITES
(LONG TERM) • LUNAR LANDING • CARGO DELIVERY

• LUNAR ORB!TAL • LUNAR LANDING AND • DEFENSE MISSIONS
EXPLORATION

• INTERPLANETARY • HOSTILE SATELLITES(INSPECTIOH-
FLY-BY NEUTRALIZATION-

• INTERPLANETARY DESTRUCTioN)
LANDING AND • LABORATORIES
EXPLORATION • ORBITAL STORAGE

• ESCAPE CAPSULE/ AND TRANSFER
MODULE STATIONS

FIG. 5. - SUMMARY OF MISSION-PECULIAR IFM DEMAND GENERATORS

demands are caused by one or more application. Examples of these char-

! of the following conditions: acteristics or qualities include
._ whether the resource, being consid-• Random Failure "-

: • Damage (Human or Environ- ered, is:

!, : mental Induced) • Capable of meeting the demand

I; _- • Wearout • Dependable
• Resource Consumption (Normal • Available

:i and Emergency) • Consumable
• Expendable
• Restorable

Maintenance Resource Demands • Reuseable
• Modifiable

Having identified the mission • Storable

demands, the ne:ct step is to identify • Multi-Utility
the resource demands and to deter- • Transportable
mine how theywill be applied. Main- • Cost Effective ::
tenance resources consist of technol-

ogy, people, material, and services
which are applied individually and col- Translation of Demands

lectively to the right place, at the
right time, in the required amounts The means by which mission-
and in an operable condition. These peculiar and resource demands are

resources possess a variety of char- _:'_anslated into finite requirements,

actcristics thatmateriaUy affect their and ultimately into mission-oriented 1.3.7 "."
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IFM plans, are discussed in subse- sary to establish mission categories
'_ quent sections of this paper, which possess a general commonality

of IFM demands and required technol-
ogy levels. The three (3) basic cate-

:i IFM _ONCEPTS gories are:

• Earth-Orbital
Prior to the development of a speci- e Earth- Lunar

tic suppozt capability, it is essential
• Interplanetaryto define (in as precise terms as pos-

sible) the nature and structure of the

mission to be performed, to g e the r Typical missions in each category
with the factors and influences which are shown in Figure 6.

impact on sucha mission, and the
: hardware systems required for
: its performance. Mission Durations

Mission Categories To provide a reference point, the
following mission durations have been

Each mission will not require an established. The earth-orbital mis-
IFM capability of the same type and sion durations are in general agree-
magnitude; therefore, to provide the ment with current planning; however,

: requiredlevelof support, it is_eccs- those in the earth-lunar and

MISSION OBJECTIVES

EARTH-ORBITAL EARTH-LUNAR INTERPLANETARY

• SCIENTIFIC AND • LUNAR ORBITAL • FLY-BY MISSIONS
BIO MEDICAL
LABORATORIES • LUNAR LANDING • LANDING AND

AND EXPLORATION EXPLORATION
• EARTH RESOURCES

• LUNAR BASE AND
• ASTRONONICAL EXPLORATION

OBSERVATORIES • LUHAR BASE AND m
• CDIdMUHiCATION$ DEVELOPMENT OF

SATELLITES LUNAR RESOURCES

f • RESCUE STATIONS • RESCUE MISSIONS

• DEFENSE MISSIONSk
| • RESUPPLY MISSIONS

• CREW ROTATION
• ORBITAL LAUNCH

'_ OPERATIONS

i
FIG. 6. - SUMMARY OF MISSION CATF.GOR_S

1.3.8
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interplanetary categories are the Mission Effects Analysis
autho r' s appr oximation s.

• Earth-Orbital A myriad of decision factors have
Short Term: either a direct or indirect effect on

Up to 3 months IFM (see Figure 7), and must be ana-
Extended Duration: lyzed to identify the nature and extent

3 months to 1 year of their impact. A mission effects
Long Term: analysis is performed to make this

1 to 5 years determination. The results of this
• Earth- Lunar analysis provide input data to the more

Lunar-Orbital: Uetailed process of developing a
TBD mission-oriented IFM concept shown

Lunar Landing and Exploration: in Figure 8. One of the most critical

Up to 3 months mission effects occurs in the develop-
Lunar Base and Ezploration: ment of an IFM concept for inter-

3 months to 3 years planetary fly-by and landing/ i
• Interplanetary exploration missions. The resupply ' _-

Fly-By Mission: of these missions is not deemed lea- i
1 to Z years sible, from either an earth or lunar I

• Landing and Exi_!oration: source, once the spacecraft has been i
TBD launched from earth or earth orbit, i

!
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', EFFECT OF ,FM COMPATIBILITY
ON MI_OH WITH ME.dON

WCCES_'CREW OPERATIOHS
i SAFETY CONCEPTS

DETERMINE DETERMINE THE ESTABLISH A
WHAT CAN BE IMPACT ON SYSTEM TOOL OF
REPLACED OR DESIGH. RELiAE, tLITY, CHOICE

REPAIRED AND MAINTAINABILITY

iFM CONCEPT
DECISION
FACTORS

OET ERI,UHE TEST AHD
CAN FAIL BUT TEST CONCEPT TECHNOLOGICAL RISK EVALUATE THE

RE REPLACED RATIONALE FOR LEVEL AND HOW IT FEASIBLE
OR REPAIRED IN SOUHONESS CAM RE REDUCED IF_ CONCEPTS

FLIGHT

; DEVELOP
, MISSION

IFM CONCEPT

IDENTIFY AND ANALYZE SELECT
DEFINE ESTABLIgt EFFECTS OF

PRELIMINARY OPT|MIJM
IFM REDUCING IFM APPROACH

CRITERIA IFM CONCEPT CAPABILI _'Y

,D_T,FT.EVALU*TE. ,DENT,. __
DETERMINE THE MiD UTILIZE EXISTING HUMAN FACTORS
FREQUENCY OF CAPAEILITIES CONSTRAINTS _1 _+'_'"IkUSSIONIFM J

IFM REQUIREMENTS MIERE FEA_dRLE _ _"

DETERMINE THE DETERMINE IF
OPTIMIJM BALANCE ALTERHATE iFM

BETWEEM IFM APPROACHES ,_.RE
AND REDIRIOANCY FEASIBLE

FIG. 8. - MISSION IFM CONCEPT DEVELOPMENT

Therefore, all support capability for wouldbe oflittlevalue topossess only
these missions must be self- anIFM capability. The operation of

contained, and the planning and pro- the life support system is an essential
visioning of 1- to Z- year missions, maintenance resource, andwithout it,
without resupply, willrequire theulti- the IFM capability would be reduced
mate in effective logistics support, to nil. Conversely, nothing man has

; ever built is immune to failure and
human error. Furthermore, whenthe

Concept Rationale redundant system fails, the remaining
system is reduced to inherent reli- +

The principal decision to be made ability and should another f a ilu r e
in the development of an IFM concept o c cu r (and Murphy's Law usually
is the relationship of IFM and hard- prevails), not onlyhas the safety fac-
ware system redundancy, and thepro- tor (provided byredundancy) been
portionate responsibility to be removed, but now a critical system
assigned to each of these forms of is inoperative and mission
contingency protection. An optimum failure is imminent.
balance between these two (2)

approaches is necessary _.o assure a IFM and redundancy are examples
high probability of mission success, of the two (Z) philosophical extremes

mentioned in the introductory portion
Neither IFh4 nor redundancy can of *.his paper. Redundancy, a form

do the job alone. For example, if a of reliability, is at the optimistic end
life support system failure occurs, it of the mission reliability spectrum,

1.3.10
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,_ and IFM is at the opposite or pessi- • Sp e c'- a l tools are required for
inistic end. It is readily discernible EVA.

that both capabilities are required, • Missions are of extended
and the individual merits and limita- duration.

tions of each must be analyzed and • Electrical power requirements
weighed carefully to arrive at the bal- • Limited storage a r e a available

ance point- realism, for spares.

The initial IFM capabilities will be The principal differences between
relatively simple, and will probably these two (2) types of vehicles, from
be limited to the removalandreplace- a maintenance standpoint, is the
ment of certain modular equipment presenceofnormalgravityinthe sub-
items identified, during a failure mode marine and the availability of mainte-
effect analysis, as being flight critical nance specialists.
items. A certain degree of redun-
dancy will be provided for these criti- A basic IFM concept will be devel-
cal items; however, since redundancy oped for eachmission category. Each
is not an absolute guarantee of crew o£ these concepts will be modularly
safety and mission success, some constructed to facilitate incorporation
IFM capability must_lso be provided, and blending of those elements of IFM
A limited in-flight repair capability r e qui r e d to meet specific mission
will be required to augment the demands within each category. This
removal and replacement capability, approach provides an IFM capability
These initialrepair tasks will employ which is commensurate to the needs
repair kits containing bulk rnaterials of a variety of missions within a par-

_. to patch and seal leaks in cabin pres- ticular category. Furthermore, all
_- surization, food and waste manage- mission categories and missions

ment areas, and to repair damage to within each category are analyzed to
:. electrical wiring, d e t e r m i n e the type and degree of

commonality ofmis sion IFM demands.
, The performance oftheseIFM •
' tasks will provide an important means IFM C riteria

of enrichingIFM technology with
empirical data which will provide a

I more realistic baseline for extending It would not be technically or eco-
IFM capabilities to more demanding nomically feasible to attempt to

_ applications. Extrapolation is more e s t a b 1 i s h an IFM capability which
effective than pure prediction; there- would duplicate a terrestrial capabil-
fore, we must investigate the possi- ity. Therefore an order of ranking

must be established for all 1FM _.
bility of u s in g existing capabilities
and resources "as is" or modifying actions. This ranking is based on the -

criticality of tbe vehicle system ,,
them before we attempt to develop a failure/damage as follows:totally new capability. For instance,
we can draw useful parallels from •Failure/damage which has an
"Polaris" type n u c 1 e a r submarine imr_ediate or imminent effect on

missions. These "inner space" vehi- crew safety
cles have much in common_ith space • Failure/damage w h i c h affects
s t a t i o n s and spacecraft. Some of v e h i c 1 e performance and abort
these similarities are: probability

• Failure/damage which would
• The requirement for an EC/LS result in degraded mission _"

system performance "
eEnvironmental protection is •Failure/damage which would

required for EVA. result only in creating a nuisance "

; _" - :
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I Only the first three orders of cri- • All IFMprocedur es and tech-

ticality should be considered indevel- niques must be in a c c o r da nc e

oping an IFM capability, with crew safety criteria.
• • AlllFMprocedures and tech-
]

i The major vehicle systems niquesmustsatisfyhumanfactors
included in each order of ranking are criteria.#

listed below. • Hardware systems must be
designed to facilitate rapid and

Crew Safety Impact positive detection, isolation and

• Structure correction of in-flight failu r e s
and damage.

• Electrical Power • IFM performance times must be• EC/LS

• Escape Capability equal or less than the maximum
• Biomedical and Behavioral allowable downtime for hardware

systems.
Monitoring • All candidate IFM actions must

Vehicle Performance/Abort be evaluated in terms of techni-
cal and economic feasibility.

Probability • IFM will primarily c o n s i s t of
• Stabilization and Control corrective maintenance actions.

• Propulsion Where a requirement for proven-
• Navigation and Guidance tive maintenance is identified, the
• Displays and Controls p r e v e n t i v e maintenance tasks !
• Communications should be performed in conjunc-

tion with normal mission opera-
Degraded Mission Performance tions functions.

• Instrumentation and Telemetry

• Experiments IFM Modes

The following criteria are recom-
All IFM actions are performedbymended for the performance of IFM:

utilizing one (1) or more of the follow-
• IFM actions must make a signifi- ing four (4) IFM modes:

cant contribution to: (1) improved
• Remove-Replace- Discardreliability, (Z) crew safety, and
• Repair Without Removal(3) mission success.
• Remove- Replace- Repair• Tasks must be simplified to
• Remove- Repair- Replacepermit their satisfactory

accomplishment by crew mem- These modes, individually and in _ "ber s with 1 i m i t e d main, _nance

training and experience, combination, form the basis for
• IFM data, procedures, and tech- structuring all IFM tasks. The appli-cation of thesemodes to the hardware

niques must be developed to be
compatible with both the IFM systems generation breakdown is
requirement and the maintenance shown in Figure 9. The decision to
skill levels of the crew. use a particular mode has a definite

effect on the recluire,'nents for speci-eSpares and repair kits must
ficmaintenance resources (i.e.,

be readjlyaccessible to crew
members. Spares, Repair Kits, IFMProcedures

• Require,-,Lents for s p e c ia I tools and Techniques, IFM Times, etc. ).
and test equipment must be
minimized. IFM Technology

• Hardware systems should incor- An IFM c a p a b iiity is a compos-

porate fail-safe features, iteand complex structure which

1.3.12
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HARDWARE REMOVE - REPAIR REMOVE. REMOVE-
GENERATION REPLACE- WITHOUT REPLACE. REPAIR-
BREAKDOWN DISCARD REMOVAL REPAIR REPLACE

SYSTEM(GENERAL) X

SYSTEM(SPECIFIC) X

SET X

GROUP X X X

UNIT X X X X t

I
ASSEMBLY X X X

SUBASSEMBLY X X X

PART X X X

I" '

FIG. 9. - TYPICAL APPLICATION OF IFM MODES

incorporates information and criteria IFM will provide a more realistic
from many engineering disciplines. IFM baseline for new missions and _

The irnpa c t of IFM on the following programs by tempering theory and

disciplines, together with their need predictions with actual experience. A
to interact with each other, make it typicaldevelopment flow for IFMtech-
both necessary and advantageous to nology is shown in Figure 10.
accumulate and integrate all areas of
IFM information and experience into
one formalized technology. IFM REQUIREMENTS

• System Safety

• Hardware Design IFM requirements are the specific
• Reliabihty needs for support resources based o,_

the identification of IFM demands and
• Maintainability
e Human Factors the development of mission-peculiar

• Logistics IFM concepts. The requirements are
identified and quantified as the result
of performing an IFM requirements

It is important _,hat, once devel- analysis. The outputs of this analysis -
oped, the initialIFM capability be suf- form the basis for the development
ficiently flexible to permit its exten- and allocation of resources, which are
sion to more demanding applications applied individually and in combina-

in support of future manned space- tion to produce an effective IFMcapa-
flight missions. The development of bility. The large variety of manned

a technology relating specifically to spaceflight missions, together with

1.3.13
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I HARDWARE PERIODIC
SYSTEMS IN- FLIGHT

i PERFORMA:ICE REPORTS

+ '
• E_IVl RONMENTAL _. POST-MISSION

EFFECTS [ REPORTS

ACCUMULATEIh I

i CREW I "

1 PERFORMJ_CE

: | PLAH/PERFORM H

I _.E. *CCUMULATE
! I SPACEFLIGHT FJ_PIRICAL I CATEGORIZE, I

,i | MI.ONT DATA ,._ SYSTEM I'-- I EVALUAi" " 'TAI,ANALYZE. AND,

, SAFETY

! _.ABI',T.+- _.CEPTSI / _l_TIFICANO/ .RI._REV,SE'IVER,.]REV,.EDEV_'LOPMEHT -I_ BIOMEDICAL _ RESOURCE |IFM PROCEDURES

'+ ! t "l I '
i |IINPUTS/CRITERI' "_ e"I_TISFY/REVISEI 4 IFM _FROM l

| ENGINEERING MISSION i TASKSANDEXPERIMEHT5
OBJECTIVES i

I | DISCIPLINESt _ @

!
FIG. 10. - IFM TECHNOLOGY DEVELOPMENT

!
t
!

themany unc ertaintie s ofmanned IFM Modes and Environment
missions in the space environment,

i make the establishment and fulfillment A decision is made with re spect to
of these requirements a very complex utilization of one or more of the fol-

i task. To further emphasize the lowing modes, and the applicable
mag-

nitude of this effort, the primary out- environment is identified:
I puts of the requirements analysis and
I the major elements of each are pre- • Remove-Replace-Discard

• Repair Without Removal

i sentedin subsequent discussions.The analytical pattern for determin- • Remove-Replace-Repair

i ing these requirements is shown in • Remove-Repair-ReplaceFigure 1 1 The requirements deter- • IVA• • EVA
ruination starts with an analysis of
vehicle systems that results in a
detailed definition of IFM tasks, which Maintenance Category
were initially defined, in gross terms,
during the concept development phase. There are two (Z) basic categories
This definition initiates the identifi- of IFM - Preventive and Corrective.

cation, determination, and develop- Although primary emphasis will be
m_-nt of a variety of resources pre- placed on corrective maintenance;
sented in the following paragraphs, where a requirement for preventive

L
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DEFINE IFM DETERMINE - l AND ALLOCATE I
TASI_S IN IFM MODE _I RESOURCE I

DETAIL AND IVA/EVA "_ REQUIREMENTS J _,

MISSION REqUIREMI_TS IFM ACTIOHS PROCEDURES AND I ANP EVALUATmN I

IFM AHALYSIS OF AS PREVENTIVE TECHNIQUES I CRITERIA JCONCEPT VEHICLE SYSTEMS (_R CORRECTIVE

ESCAPE IFM TIMES REQUIREMENTS
CAPABILITY .........
BIOM EO;CAL ANI:
BEHAVIORAL

MONITORING _ IDENTIFY _ IDENTIFY

VEHICLE • STAEILI Z.:.TION MATERIAL PERSI#NNEL
SYST F.M AND CONTROL SUPPORT SYSTEM
DESIGN • PROPULSION REQUIREMENTS REQUIREMENTS

• NAVIGATION AND

GUIDANCE
IFA4.RELATED CONTROLS SUPPORT
ENGINEERING • COMMUNICATIONS EQUIPMENT CONDUCT
DISCIPLINES • INSTRUMENT- REQUIREMENTS TRADE-OFF$

ATION AND

TELEMETRY !
• EXPERIMENTS

._ IDENTIFY

FACILITI ES

IFM REQUIREMENTS t

TECHNOLOGY _LI_ I_FM

T

[ : FIG. II. - DETERMINATION OF IFM REQUIREMENTS

I _ maintenance is identified, it will be • Crew time available for mainte- :
/ integrated with routine mis sion tasks, nanc e tasks .I

t Examples of typical preventive main- • Safe allowable time for mainte-
' :. tenance tasks include: nance tasks

i
! _ • Removal and replacement of

i _ limit___, life items Material Support

i • Inspection
* _ • Servicing The following considerations are "

• Calibration analyzed and resultant requirements
1

• Periodic vehicle systems GO-NO are identified.

_ GO checks • Spares and repair kits/parts,
i consumable items, bulk items,
J _ EC/LS supplies, vehicle propel- ,
i { IFM Time Considerations lants, pressurants, and routine

_ operating supplie s
: _ Four types of IFM times are iden- • Quantities of mate rial support

tified and determined, items required

• _ • Frequency of requirements based

• Elapsed time required toperform on failure rates, damage proba-
preventive or corrective mainte- bility, wearout, and shelf life in /
nance tasks, a space environment

• Frequency of requirement for • Weight, volume, and mass
IFM tasks constraints

1.3.15 " $:r
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• Economic tradeoffs of replace/ case of r et r o r o ck et failure,
repair versus throw-aw_y items de-orbit J ::'._ste materials and

• Onboard storage capacity space junk and for emergency
• Effect of onboard storage capacity maneuvering

on resupply requirements • IFM Tools - The requirements
• Environmental sensitivityof sup- in c lud e : zero-reaction tools,

port item multipurpo s e tools, welders,
• Packaging protection minimum torque and int e r na 1

• Compatibility of packaging pro- wrenching tools, and tools for use
, tection w ith existing packaging with nuclear devices

technology • Maintenance Aids and Devices -
IFM requirements include: per-

sonnel and equipment, restraints,

Support Equipment portable lighting equipment, vis-

ual reference indices, portable
The following criteria has been radiation shields for use whilc

_stablished for suppo r t equipment p e r fo truing IFIVi on nuclear
requirer_.ents: devices, and electrical recharge

• Eliminate support equipment devices fo-- IFM toolpower packs
requirements, wherever feasi- • Handling Equipment - The
ble, by designing the function or requirements are limited to that

equipment necessary for holdingcapabili_ into the v e h i c I e sys-
tems e:upment, or maneuvering supplies and

• Utilize existing equipment wher- vehicle system equipment.
ever technicaUy feasible. • Sp e c i a I Purpose V e h i c I e s -

• Modify existing equipment wher- Maintenance shuttles and orbital
ever technically and econorr : _ally tugs
feasible. • Diagnostic, Checkout and IVioni-

• Establish new equipment require- toring Equipment - Requirements
ments only where required, and for this equipment ,_re _nalyzed
no capability presently exists, to determilie: (I) optimum mode

of operation (automated, semi-

Examples of s u p p o r t equipment automated or manual), (Z) system
level to which equipment should

requirements include: function, (3) types of audio and
eCargo Transfer Equipment - visual signals and displays

Arms, booms, tethers, convey- required, and (4)shouldthis
ors, intervehicle collapsible And equipment be incorporated into
extendible tunnels, pumps, fuel, vehicle systems hardware. |

propellant, pressurant discon- • Calibration Standards- Require-
nects, etc. ments for standards are analyzed

• EVA Maneuvering Equipment - to determine: (I) types required,
A s t r o n au t znaneuvering units, (Z) transportability, (3) environ-
hand held propulsion devices, jet m e n t a I p r o t e c t i o n require-
shoes, tethers, etc. toe',t, and (4) certification

• LiCe Support Equipment - Space- requirements
suits, portable life support sys- • Orbital Repair/Escape Decision
terns, radiation detection System- This system provides
devices, etc. a rapid means of deterlnining (in

• Mobile Power Units for EVA gross terms) if sufficient tinxe is
maintenance, orbital assembly available to repair a maHunction
and checkout of space stations and in a critical system or should the
interplanetary spacecraft; strap- crew evacuate to another part of
on propulsion devices for use in the space station or evacuate the

1.3.16
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space station to the escape ability to perform these tasks in a
module (logistics spacecraft weightless condition, and in some
docked at the station). The sys- instances while wearing a spacesuit.
ter_ would utilize sensors for However, as in the case of aircraft

heat, pres sure, atmospheric mainten_..,ce in arctic areas, and that
contarnination and nuclear build- of undersea ma_ntenanc_ operations,
up, and would operate as a func- these o b s t a c 1 e s can be overcon_e
tion cf rate of change or threshold, through the development ofprccedures
Prograrnrning will be developed and techniques, together with train-
to provide a repair orescape ing and experience.
decision based on the severity of

: the input from the sensors, and Procedures and techniques will be
would terminate in audio signals developed to permit crewmembers to
and flashing visual displays, perform _he necessary IF/vi tasks. The

means of implementation include the
Facilities following:

• Fault detection and isolation

The facilities requirements deal • Recognition of hazards and haz- .
principally with two (Z) considerations: ardous conditions

• Onboard storage capability for • Use of tools, n_aintenance a_ds,
material s u pp o r t and support and other support equipment
equipment items • Control of tools and spares/

: • A r e a s for performance of IF/_ repair kits dur_ _ n_intenance
: repair tasks actions

• Economy of m o t i o n and energy

_. Procedures and Techniques whi I e perforr_ing n__aintenance
tasks

; • l_otion and force translation
i :FlVi tasks are performed by fol-

i lowing an action sequence which gen- • Removal and replacement actionserally consists of three (3) steps for • Repair actions
preventive maintenance and five (5) for • Post-maintenance verification of
corrective maintenance. Procedures vehicle systems status

and techniques are required for the

following sequential actions: A v a r i e ty of maintenance action

• Detect and Isolate Failure functions are involved in the perform-
• Determine Maintenance Action ance of IF/vl. Over 100 of these

• Prepare for /vlaintenance (Pre- potential functions areshownin
ventive and Corrective) Table I. Initially, both the n__ainte- ;

• Perform Maintenance (Preven- nance tasks and the required proce- i
tire and Corrective) dures and techniques willbe relatively i.

ePerformPost-lviaintenance simple. However, as weproceed

Checkout (Preventive and from earth- orbital n_issionsto earth-
Corrective) _unar missions, and ultin_ately to the

interplanetary category, the xnission
durations will increase an_ so will the

A typical IFM cycle is shown in complexity of vehicle systems equip-
Figure 12. ment. This trend to longer missions

will place more exacting den_nds on
It is recognized that maintenance the time and skills of the crew mere-

functions are more critical in a space bers to achieve and nmintain a high
environrnent in terms of tolerable sys- probability of mission success. In
tern downtimes, availability of crew the case of interplanetary missions,
members for maintenance tasks, the the point-of-no-return or abort limit
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FIG. l Z. - IFM ACTION SEQUENCE

will be only a short period of time manned space flightmissions. A pri-
: after departing earth-orbit. There- mary and secondary in-flight system

fore, since no resupplycapabilitywiU for providing technical information
be feasible for these missions, after are recommended. The primary sys-
leaving earth-orbit, all support capa- tern will consist of a micro-viewer
bilities will, of necessity, be self- supported by an onboard file of micro-
contained. This situation creates a film chips or tape. The secondary
clear-cut requirement to develop and systemwillconsist of television-audio
implement IF]VI procedures and tech- eoluipment. Both systems w._uld pro-
niques which maximize the crew vide in-flight operations and mainte-
member _s IFM capability and mini- nance procedures augment ed by R
mize his limitations. This subject is semiconventional checklists for
discussed further in the Personnel operations, maintenance, and emer-
Systems paragraph, gency procedures.

Technical Information The following factors are con-
sidered in the development of an
in-flight technical information sys-The volumetric limitations of a
tern capability:

space station or spacecraft combined
with a weightless environment, make • Type of L_-flight information
it necessary to depart from the con- required (e.g., P_ocedures,
ventional terrestrial formats of tech- Schematics, Reference T a b I e s,

nic&l information for support of etc.)

1.3.18

,m nlmmmll_ _ nnn

1971066602-071



ACTUATE DEVISE HAI4G ORIENT REMOVE STOW

ADJUST DISASSEMBLE HOLD gVERHAUL RENOVATE STRIP

ALIGN DISCONNECT INITIATE PACKAGE REPAIR SYN(34RONIZE

APPLY DI _,IANTL E INJECT PATCH REPLACE TAG

ASSF.J_LE DISPOSE INSPECT PIEICE REPLENISH TEST

ATTACH DRILL INSTALL PLACE RESTORE THREAD

BOLT ENGAGE ISOLATE POSITION REWORK TIGNTEN

CALIBRATE ENTER JOIN POUND RIVET TORQUE

CHAI4GE ERECT LEVEL PREPARE HOTATE TJL4NSPORT

CHECK EXAMINE LOCATE PRESET SALVAGE

CLAIIP FABRICATE LOOSEN PROBE SEAL TIWUILESilOOT

CLEAN FASTEN LUBRICATE PROCESS _-.IEl' TUNE

CDIdl4ECT FILE MATE PUNCTURE SECURE TURN

COHSTIKICT FORM MEASURE PUSH SERVICE TlflST

CONTROL GLUE MODIFY POLL SET UNBOLT

COVER GRASP MOUNT REASSEMBLE SETUP UNCOVER

CUT GUIDE MOVE RECOI4_TIOH SOLDER WELD

! DETACH HAMMER NEUTJJ_.IZE RECORD STIMULATE ZERO

DESTROY HANDLE OPERATE REGULATE STORE

• TABLE I. TYPICAL IviAINTENANCE ACT!ON FUNCTIONS

• Type of display format • Support requirements for pri-
; • T y p e o f p r i m a r y s y s t e m mary and secondary system

equipm,:nt
_ • Automation requirement for pri- The constant change in _ll technol-
" mary system ogles made it essential that the

• Functional independence of pri- technical information systems be
I mary system (with the exception developed with a built-in flexibility to
! of updating) permit rapid and efficient response
i _" • Means by which primary system to changes in missions and vehicle
! _ can be kept current systems equipment.
•* • Source of in-flight technical

i - inforrnation

_i ! • Data size reduction techniques Personnel Systems
_ required and available

_, Feasibility of using conventional P e r s onn e I systems have been

" _ checklists called "the configuration management
: • Type of secondary or backup sys- of people," and it is through these
, tern required systems that man is analyzed as a

Method of cataloging, s t o r i n g, resource, his capabilities are defined
and retrieving information and utilized, and his limitations are

• EVA information requirements identified and compensated for, either
eEVA information system equip- by training or the substitution of

ment requirements automated m a c hi n e functions. The

Q .
q
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introduction of man into the loop • What are the man/machine rela-
: of space flight operations provides a tionships, and how do they relate

d e c i s i o n making c a p a b i 1 i t y with to mission success?
greater flexibility than that possessed • What are the op e ratio n s and

- by inanimate systems, coupled with maintenance concepts, and what

_ the ability to relate decisions to mis- influences are considered during
sion success, their development?

; • What are the requirements for
Aftermission objectives are as signing crew members multi-

defined and an optimal sequence of task responsibilities?
events is established, a task/

equipment analysis (TEA) of the oper- A detailed analysis of personnel
i : ational requirements, system func- requirements (e. g., Qualitative and

tions, performance standards, and Quantitative Personnel Requirements
; operations and maintenance concepts Information-QQPRI) i_. p e r f o r m e d

is conducted. This analysis defines which identifies the types, levels,
the man/machine interface, and is the quantities, and performance stan-
basis for assigning each task to either dards for skills which are necessary

! man or systems equipment, depend- to accomplish the tasks defined in
ing on which possesses the greater the TEA. In addition to skill infor-

performance capability and practi- mation, the personnel requirements
cality. Those automated functions, analysis provides a basis for manning
which affect crew safety, will be fur- recommendations for user operations
ther analyzed to detern__ine the feasi- and support organizations. The s e
bility of incorporating a manual recommendations include need dates,
override feature and complete inde- user locations, work loads, and
pendence from ground control, work shifts.

! Once the operations and maintenance Effective job performance
tasks have been defined they are in a weightless environment for

time-oriented in terms of sequence, extended periods of time depends on
duration, a_d frequency by perform- a crew m embe r possessing the fol-
ing a time line analysis. This analy- lowing capabilities, characteristics,
sis results in the identification of and tolerances:

i problem areas in time-phasing and • Technical capability iu his duty
aUocation for operations and r. ainte-
nance functions. These problen_ areas assignment
are subjected to further analysis, and • Motor capabilities and anthropo-
necessary tradeoffs are made. metric characteristics which are

compatible with the o p e r a t i n g

i envir _rnent.
Examples of the factors considered • Physiological and psychological

during these analyses are: characteristics and tolerances

• What tasks must be performed which are compatible with theand why? mission requirements and the
• What are man _s abilities to operating environment.

perform m i s s i o n tasks and how
are they constrained with

respect to his role in the space In-fLight operating techniques are
environment? developed to enable crewmembers to

• What are the performance perform their assigned duties effec-
standards, and how are they tively. The capabilities, listed above,
measured? apply to both IVA and EVA; however,

1.3.20
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EVA imposes the following additional • Training aids and equipment
constraints on job performance: requirements (e. g., dynamic and

• Reduced motor capabilities and static mockups, simulators,

greater susceptibility to fatigue films, etc. ).

caused by wearing a space suit • The effectthe totaltraining effort
• Degradation of visual reference has on IFM, human factors, vehi-

• Criticality of illumination cle design, reliability,maintain-
• Reduced accessibility of equip- ability, and systems safety•

ment while wearing a space suit
• Increased radiatl,Jnhazard The personnel systems must be

tested and evaluated on the samebasis

Training requirements are deter- as any other resource. The intro-
duction of man into the loop of space

mined by comparing existing skills missions provides many distinct and
with those required by the mission

tasks defined by the TEA. After the unique advantages; however, in
requirements are established, it is evaluating his effectiveness with

necessary to develop a means by which respect to IFM, man must only beconsidered as a resource. The mar-
they can be satisfied. The personnel
training function is anal.yzed and gin by which man's abilities outweigh

his limitations will be the measur.e of
evaluated so that an equitable approach his contribution to mission success.
can bc established. Examples of the
factors considered during these analy-

I

= ses are: Integration and Allocation of
• The prerequisites for crewmem- ResourcesL

bers, and the means by which they

are determined (e.g., present After the determination, identifi-

i skills, educational background, cation, and development of IFlbi

_. physical condition, age, emo- resources has been analyzed, it is
; : tional stability, character, lead- necessary to integrate and allocate
: ership qualities, etc.) the required resources The
! • The personnel sources which are methodology by which this action takes "t
! available (e.g., military and place requires the use of several ana-
; naval services, industry, col- lyrical tools which include: '

t leges and univ.ersities, etc. ). • Simulation Models :
i • Means by which the p e r s o nn e I • Cost Models :

! sources can be expanded (e. g., • Systems Analysis Techniques
i new curriculum for high schools,

- colleges and universities, etc. ). • Judgement in Recommendations
• The estimated rate of attrition

for mission operations. In r e c e nt years, there has been
oDetermination of screening an increasing tendency to over-

_ methods which should be estab- sophisticateanalytical techniques.
lished for the selection of crew This is a naturaloccurrence due to the

! members, increasing complexity of vehicle sys-
• The training evaluation methods terns; however, like any tool, each

and procedures which are has its capabilities and limitations
required, which must gore r n its use. Some

• Training c o u r s e requirements systems analysts seem to have over-
(e. g., basic courses for new job looked the fact that while computer
classification, crew training, program models provide a rapid
proficiency retention, upgrading, means of handling large volumes of

i._ in-flight operating techniques for data, a thorough understanding of the
crew members, etc. ). problem by the analyst, coupled with

'o .
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the ability to define input requirements achievlv.g an IFM capability which is
in precise terms, are essential in pro- realistic, effective, and economically
ducing a valid and effective output, feasible. Broadly, the e le m e nt s

4, involved in this analysis include sys-
Little IFM experience in an actual tern restraints, d e c i s ion factors,

•i space environment is available; there- ranking, evaluating , grading, and
, fore, it is necessary to synthesize or selecting. All of these factors are

simulate " real world" conditions, analyzed statically, as shown in

t Systems synthesis is both an art and Figure 13, and then dynamically with
.: a science. The art is selecting the respect to customer goals and cost

combinations tobe studied, and estab- effectiveness to answer such ques-
: lishing the criteria by which final tions as:

system decisions can be made. The

_ _ scienceliesindemonstrating, by
a n a I y s i s, the physical realizability
and detailed characteristics of selec- • What should an IFM capability
ted combinations of subsystems, and consist of?
in this case, IFM resources. In t_is • When should it be initiated?

analytical process, the tool of judge- • What should the schedule be?
' ment in recommendations sh ou ld • What funding level is suitable?

receive the most weight. • What development and t e s t in g
policy should be followed in order

The prime purpose of this paper to meet IFM requirements at the
is to recommerd an approach to least cost?

-f

I I [ I I '--° ] I II °'--°l
J t I I

LOGISTICS COMPATABILITY SYSTEM

PROGR,t_t CRITERIA _ FLEXIBILITY _-_ ADAPTt.BILITY _ EFFECTIVITY

MISSION PRIORITY VERSATILITY
FUNDING AVAILABLE
ABORT OPERATIONS MAINTAINABILITY

RELIABILITY AVAILABILITY
COMMONAL:TY LEAD TIME

COMPATAEILITY BUDGET I COST J

TiME PERIOD _ EFFECilVITY
CRITICAL TECHNOLOGY 4 UTILIZATION " H

AVAILABILITY EFFECTIVITY EFFECTIVITY
SCHEDULE YIELD
MISSION F.J,IPH ASIS

BUDGET OPTIONS /CRITICAL TECHNOLOGY II R,_ CONF,O_.CEEVOLUTIONARY D_D TOLERANCE

.--T. H IMISSION FLEXIBILITY PERFONCE CAPABILITY
GROWTHPOTENTIAL

ASSUMPTIONS

VERSATILITY I SELECTIVITY IPROGRAM OBJECTIVES PROGRAJ4 TO GOALS

TECHNOLOGY EVOLUTiON OPERATIONAL COST
ALTERNATE PLANS MANUFACTURING I
PROGRAM SCOPE I

-I°-'H I ]DATA ACQUISITION OPER AVAILABILITY PROGRAM FISCAL
LOGISTICS/SC CONCEPTS OPER MISSION TIME AVAILABILITY BUDGETING

PERSONNEL/SC COHCEPTS TIME PERIOD REQUIREMENTS

_,'E,;RNCIES _ I

FIG. 13. SYSTEM EFFECTIVITY - UTILITY

1.3.22

i

.... m

1971066602-075



• What equipments should be devel- economically feasible, produce the
oped _r improved, and in what following results:
sequence to obtain the greatest
capability in the least possible • Uniformity in IFM actions which

permit the accumulation of
time? meaningful empirica! data.

The finalanalytical step in the t System downtime wi11 be
development of an effective IFM capa- minimized bv p r o v i d i n g crewmembers with predetermined
bility is the definition of an analytic_l
confidence tolerance. This tolerance maintenance modes for system

failures or damage.will d,.termine the sensitivities of IFM
• Improves cost effectivenessso that any selectivity may be con-
e Minimizes expenditure of

fidently aligned with space program resources
objectives. It is apparent that if the • Maintains crew safety
approach, presented herein, were • Provides the most effectiveutili-
considered unity or the total sum of zation of the crewmember in his
related parts, the primary resolve of role as a maintenance man.
this analysis is to determine: (1) the • Minimizes human error during
cost of less than unity, and (Z) the

the performance of 1FM tasks
savings that would result from such • Provides an effective interface

a reduction. Since an integrated IFM with IFM - related technologies
capability will probabiy remain on an and disciplines

i experimental basis for some time to • Maximizes the contribution of
• ', come, it is necessary to determine. IFM to mission success "
i the minimum degree of IFM which is
! _ satisfactory, the least path develop-

; : ment requirements tomake the transi- IFM Plans
: tion from experimental to operational

status, and to what degree unity
is required. There are three (3) evolutionary

phases through which a new capability
4 must pass before becoming a reality.
, _ POLICIES AND PLANS To assure an orderly progression, a

plan is prepared for each of the fol-
! The final phase in the acquisition lowing phases:

of an IFM capability consists of estab-

; lishing the necessary IFM policies • Development
that will govern the performance of • Test and Evaluation

,_ all IFM actions, and the development • Implementation
and preparation of plans which pro- -.

i vide for policy implementation. Each plan should contribute to the

. development of an overall IFM tech-nology and an integrated IFM capa-
IFI_', Policies bility. They should be sufficiently

flexible to respond to changes in mis-
To achieve a logical progression sion requirements and vehicle system

towards a common objective - mission h a r d w a r e without major perturbs-
success, it is necessary to standard- tions. Furthernlore, IFM plans must
ize performance methods, andthereby alwaysbe directed towards improving
create abaseline for measuring the vehicle system reliability and the
effectiveness of the approach being probability of mission success. A
taken. The establishment of IFM poli- summary of plan objectives is shown
cies, which are technically and in Figure 14.
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IFM POLICl ES

"1 _ I FM
PLAN

OBJECTIVES

: I
; ! DEVELOPMENT OF TEST IFM PROCEDURES/ IMPLEMENT IFM

i IF_4 CAPABILITY TECHNIQUES AND RESOURCES CAPABILITY

• IDENTIFY DEMANDS • ONE G NORMAL • EARTH ORBITAL MISSIONS
ATMOSPHERE TESTS

• DEVELOP AND ESTABLISH • EARTH LUNAR MISSIONS
CONCEPTS • ONE G VACUUM

ATMOSPHERE TESTS • INTERPLANETARY MISSIONS

• DEVELOP AND ESTABLISH
RE_UI'_E/,;ENTS • SIMULATED ZERO G • IMPLEMENT POLICIES

NEUTRAL BUOYANCY
• DEVELOP POLICIES TESTS

= • SHORT TERM ZERO G
AIRCRAFT TESTS

• IFM TEST_, DURING
ACTUAL SPACE STATION AND
SPACECRAFT MISSIONS

• VERIFY/REVISE POLICIES

[
FIG..1.4. - A SUMMARY OF IFM PLAN OBJECTIVES

i Finally, it is important to remem- CONCLUSIONS

I ber thatalthough redundancy
system

and a high degree of reliability will Perhaps the most compelling rea-

i be incori_or-_ted in stations and son to develop an IFM capability is
space

spacecraft, human error and equip- the historical fact that a constant

i ment failures will occur. We have demand for vehicie maintenance has .little experience in the actual space existed Iorwell over Z, O00years, and
environment; yet, an IFM capability it is notlogical to assume thatwe are J
must be developed which will be now immune from human error and
responsive to mi s s i on needs in an equipment failures. The goals that
environment more hostile to man and have been set in the n at i o n a 1 space
equipment than has been previously program can be met onlyby achieving
experienced. IFM planning poses a a high incidence of mission success.
tremendous challenge to the mission Whenever error, failures,or damage
support planners of industry, NASA, occur (and they wit1) during manned
and the Department of Defense. The sp_.ceflightmissions, some form of
effectiveness with which this chal- onboard contingency protection
lenge is ..,net will, to a large degree, must be available. Th_ develop-
determine the feasibility of long term ment and implementation of an
manned spaceflight. IFM capability appears to be

1.3.24
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themost realistic answer to The actual development and imple-
this problem, mentation of an integrated IFM capa-

bility, such as the one described in

In summary, the following conclu- this paper, will be a difficult task.
sions are presented: It will nothappen all at once; instead,

• An IFM capability is required for it will be a progressive effort which
missions of extended or long will undergo many iterations due to
durationtobridgethegap between advances in technology, changes in
achieved and required system mission objectives, and other techni-
reliability, cal, political, and economic consid-

• The development of an IFM capa- orations. Therefore, to maintain a
bility is both technically and continuity of effort, it is necessary
economically feasible, to develop a framework or blueprint

• Manned spaceflight missions are from which a suppozt capability for
divisible into three (3) categories: earth orbital, lunar, and ultimately,
(1) Earth Orbital, (2) Earth interplanetary missions can be con-
Luna r, and (3) Interplanetary. structed. The approach _o IFM pre-

sented in this paper is an initial step
• Mission-oriented IFM concepts towards achieving tb.at goal.should be developed for missions

in each category.
• An IFM capability will be devel-

oped as an evolutionary process. REFERENCES
• The planned interaction of the

design, human factors, reliabil-
ity, systems safety, logistics, 1. Barnes, D. A., The Development

of an Earth Orbital Logistics Sys-
! and maintainability disciplines

are essential to an effective IFM tern, AIAA Paper No. 66-864,
November 1966

capabi. _ity.
• An IFM technology must be devel- Z. Barnes, D. A., The Development

oped and formalized, of an Earth Orbital Logistics Sup-
port Capability, Douglas Report

• An IFMtesting program con- DAC No. 56517, January 1967
"_ ducted during actual spaceflight

missions must be incorporated 3. Department of Defense MIL-STD-Z80. Definition of Terms for
!i in mis sion planning.

• Future vehicle system hardware Equipment Divisions, April 1956
must be designed for IFM. 4. Department of Defense MIL-STD- j7Z1B. Definition of Terms for

• IFM is just one element of an Reliability, Maintainability,overall Space- T er re strialLogis-

tics System. Human Factors and Safety,
• Enrichment ofIFM t e c h n o 1 o g y August 1966 :

i will pTovide an empirical data

baseline for a number of other
crew- related tasks and activities

(i. e., (1) Orbital assembly and CREDITS
checkout of space stations, inter- •

: planetary spacecraft, and astro-

nomical observatories; ,Z) This paper was prepared under
Orbital and lunar fabrication pl o- the s p o n s o r s h i p of the D o u g 1 a s
ceduresandtechniques;(S) Lu_tar Aircraft Company Independent
assembly of structures; and (4) Research andDevelopmentProgram-
Rescue missions). Account 81805. 008.

I. 3.25 i

i

1971066602-078



I

1

J
4

,.,BLANKPAGE ...... i
(

I

.='" i_.--- --i - IIIIIII I1_ " - -__--- II IIIIIIII III I I m - - ___'. ---_- _.

mmmmlm m_ m n mlm mm a n | w mm _lmmmm | mml • m mmlmm_ mm_m m m w • mmmm _ m •

1971066602-079



MAN'S CHANGING ROLE IN EVA SPACE _._

Peter N. Van Schalk, P.E.

Air Force Aero Propulsion Laboratory, Space Maintenance and Maneuvering

Wrlght-Patterson AFB, Ohio

SUMMARY: The results of EVA on the Gemiv _ _-o_ram were

spectacular "firsts" demonstrating man cuu,_: leave the space-

craft, survive with no apparent dlfflcul_-., and move between

various points. However, toward achieving the dedicated role

of space mechanic, orb__al worker, etc., the results were quite _

discouraging. Man became tired very rapidly and literally

exhausted after 1-2 hours work indicating that he may not be

able to achieve the capability we originally thought. Man's

role will drastically change over the next 10 years. We will

not expect the astronaut to construct antennas_ telescopes,

spacecraft structures, etc. from "nuts and bolts". Instead, he

will assemble only major components, retrieve film and experiments,

maintain critical subsystems, err. This paper will describe

the results of an analysis of a typical i00 foot diameter _
antenna which will be assembled in a one G environment to

show the task difficulty.

: INTRODUCTION

Although durin_ the last few centrate on the module approach =

! years the spacecraft being launch- to show man's changing role in _..

:! " ed are becoming larger and larger, EVA space.

'i it is still impossible to launch
J

; During the past ten years ofspace stations, large antennas,

telescopes, etc. in the completely space exploration, man has been

* assembled position. Based upon envisioned as a space mechanic,

_ some of the future requirements, orbital worker, and handyman

it app-ars that antennas may be repairman in -_ddltion to the basic

• _ 100-200 feet in diameter. During functions as pilot. It appeared "

"i ' the :,ext decade, the diameter of that man, if properly trained and
space vehicles will be about 10-20 equipped, could do most Jobs better

j _ feet in diameter and therefore than mechanical systems. He

' _ requlr,_ these large structures to possessed high intelligence, both

i be folded or be assembled in space, physiologlc_l and psychological _"' i

I Looking at antennas in particular, talents, anu versatility to under-

_ there are three basic methods take and complete a variety of

being analyzed to package and tasks in space. In pursuit of

launch the large antennas into the this objective, many extra-

smaller spacecraft. These vary vehicular development programs

from inflatables, to foldable were undertaken including the _"

trusses, to manual assembled Hand-Held Maneuvering Unit,

modules. This paper will con- Astronaut Maneuvering Unit, Space

1.4.1
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: Power Tools, _A Space Suits, etc. time. In order to establish a
Most of these development efforts firmer basis for the panel size
culminated with space flights on selection, the results of a USAF

Gemini to demonstrate the Study (Ref 2) with General Dynamics/

astronaut's new capability. Convair are summarized as follows:

The Gemini Experiments first

encouraged EVA with the success
of Colonel White, however, later

fllghts have severely dampened the
enthusiasm for EVA. The p_lished

results (Ref i) of the Gemini _A _ _ _

program states "EVA should be con- ., ./
sidered for future missions where 7 "
a specific need exists, and where . /
the activity cannot be accomplished
by any other practical means." _'_

The intent of this paper there- _ _#_
fore is to show that a specific _ _ : _ "
need does exist, and that if the / _

EVA task is properly planned, test- S
ed, and the astronaut trained, it ° :

ANTENNA DESIGN . "

The modular antenna concept "'-"-" _-_li_b_-_
appears to be most attractive to

an EVA assembly procedure. This _ __L_ _is based upon the idea that the •

modular honeycomb panels are
' assembled like a prefabricated

home. It requires alignment and

fastening of similar size panels; Fig i- Underwater Assemb_ at
therefore, requires a minimum of Convair

| tools, skills, and time which is

already at a premium. The mass handling part of the
study handled masses considerably

Many antenna studies already heavier than is contemplated for

have been conducted to date, each this paper study. The panel size
using a different size panel as determination, however, is quite

being the basis for analysis and applic_le to this assembly analysis.
comparison. For instance, the L_ Actually, the optimum panel size
Study on _A Effectiveness (Ref 3) was never derived since the three

utilized a 5' x 8' size panel, panels chosen were handled relative-

Obvious_ the size of panel is _ _sy by an astronaut. The panels

very important as it determines the were chosen a_itrarily to span

total number of panels and there- those sizes which may be applied
fore affects the total assembly to modular antennas of the near
time. In order to est_lish a future. The sizes are aJ follows:

1.4.2

1

m n • u i • ! iON w mulu mllua, ! nu ii nlka ..... a a m _ mumalllm _

1971066602-081



Each panel was constructed
with a wood frame and partially
covered by mesh cloth to provide
constant drag on the panel no
matter which way it was turned

in the water. The experiments com- ua,,6
p_ised a test subject (suited) who
reached the panel nearby turned it
90 ° and elevated it 90 ° to fit into

the pie shaped holding bracket.
The astronaut was restrained by
the Gemini "Dutch" shoes during the

task. The fasteners (not part of
study) were simply a dowel pin and
hole. The results of this study ¢_, _f"
showed the average time to acquire ' Zf' i
the panel, rotate it, and install , , _. _ CC
it as follows: i

Panel Area Time
, (Approx) (ft) (Avg)

_' 5x5 27.5 .54 laJ.n

6x8 5d. 0 .65 min

7.5xlO 85.0 .80 rain

These experimental results are
'_ the basis for establishing a panel

size for this paper. The intent /
was to divide a 150 foot diameter

i ' antenna into large, equal size
sections so the number of panels Fig 2 - Antenna Design (Initial)

', i to be assembled were held to a

i _ minimum. Initially, a panel I0 ft
_" l0 ft was chosen to fill the The detailed data generated

t needs of the an_euna in Fig 2. from this design is as follows:t

i Location Circumference (Ft) Panels (Nr) Error _Ft) -

5 31.4 3.14 .14

15 94.2 9.42 .42
25 157 15.7 .70

35 220 22.0 O.
45 283 28.3 .30
5b 345 34.5 .50

65 408 40.8 .80
75 471 47. I .I0

TOTAL 200.56

1.4.3
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: After many trails and errors, it

appeared a slightly smaller panel
was optimum. This was based on

, the fact that each row ended in a 1
; fraction of a panel res,_ining. So

• to make each panel the same. and' each row to come out even, a sllght-

ly smaller panel was studied and !

shown in Fig 3.

/

) /
i

i _ w.c :_f _," 61.£
! • ¥.6 22.g
: 5 ' W' 1o __ */os" s'£f _..s_

1 -
i .5" - q_-' _l _

J3 p_o

_ 3"7 _,o
!

P_NEL SIZES ClSEo...... _ P_o

I ,NC_VA/R 7"E'_T5 / 5, p,4,o........
" t

: : Fig 3 - Final Antenna Design

i --R°w Dlameter. (ft) Clrcum (ft 2) Nr of Panels Length ErroL-
, of Panels + (ft)

1

t 1 9.0 28.276 3.0 28.275 + .001

2 27.0 86.823 9.0 84.825 + .002
3 45.0 141.372 15.0 141.375 + . 003

i 4 63.0 197.921 21.0 197.925 + .004

! 5 81.0 254.470 27.0 254.475 + .005
6 99.0 311.02 33.0 311.02 O.

"_ 7 117.0 367.567 39.0 367.575 + .008

i 8 135.0 424.116 45.0 424.125 + .009

i 9 153.0 480. 665 51.0 480. 675 + .010

I The panel selected in the above table is:

i _.o' t

7. I" q.,/25 ' q.,/Z5 "

t - - -_ .... ¢.0' ,

i.4.4
t :

1 ' i
AI .... 1

t
I

• I
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It is pointed out that the by its very nature will be expensive
actual number of panels would be and mission dependent. In other

240 since the three (pie shaped) words, commitment to undertake the

panels would remain as one solid development of a large antenna

piece. It is 9 foot diameter and structure will lead to a functional
would fit inmost spacecraft as a operating antenna that can be tom-

single item. pleted once the assembly is com-
pleted. Therefore, assembly will
become a requirement for mission

PANEL SELECTION success leaving behind any desire
to assemble "to learn what man can

The panels selected are slightly do or not do". Hence, the assembly
pie shaped as the angle would be 1/51 technology must be highly reliable,
x 360 or abo_t 7.1 degrems taper, and therefore simple.
The top and bottom of each panel
will have a _lightly different To keep a system simple and
curvatur_ depeEding on the reliable, especially an EVA method,
location on the on the antenna, it will be necessary to design

Therefore, it will probably be very simple fasteners and keep .the
necessary to color code them for number of components to a mlnimum.
easy assembly by the astronaut. The antenna described in the p_-

vicus paragraphs will involve 240

The panels will be two (2) trapezoidal panels plus a 9 foot
: inches thick (Fig 4) and be con- diameter base section. If all

structed of either aluminum or paper panels could be exactly the same
: honeycomb with about .005 inch _Ize and shape, it woul_ simplify

thick mylar or alumlnum surface, the assembly task. However, this
i Each panel will have metallic edges is not possible as each- layer or
; to facilitate lockln_ into place, circular rows will have a

different radius of curvature

requiring specific assembly pro-; EVA A_S_6L

i c._e_s_: cedures. However, each row in thisstudy does have identical panels

i 2" requiring only that all the panels: _ be brou_,_ to a given ring but the
i _ panels in that row require noj/

.f
i specific order of assembly. .-

To further simplify the assembly -_

i process, no attempt will be made

i to utillzemaneuverlng and pro-
pulsion devices, portable llfe }

Fig 4 - Selected Panel support systems or power tools. _
This is not to _nimlze the ;

potential or value of these systems :
ASSEMBLY METHODOLOGY as they do have their place. How-

ever, the method to be discussed
The actual _sse_Dly and con- here is a different approach than

struction of !erie space structures some of those prevlm_ly analyzed.
should be based upon f_ct and
experience rather than optimism. The much awaited antenna (Fig

This is necessary since the structure 5) is shown in the assembled con-

1.4.5 "-
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Fig 5 - Assembled Antenna

One important feature of this
antenna is that one seam is
continuous from the 9 foot radius
to the outer rim at 76.5 feet.

This will be a key feature in the
assembly process. All other Built into this radi_l se__,,_
joln_ will follc_ an irregular and each concentric searawill be

pattern whether another single a lightwelght channel track as
seam appears is unimportant, shown in Fig 6.

1.4.6
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In addition to thls track

system, it will be necessary to

build a very lightweight work
platform as shown in Fig 7. This

scafford is a platform to hold
the NASA "Dutch" shoes, a light-

weight guard for safety of the
astrona_.t, wheels which hook into

the track system, and a sponge

rubber llke support and drive
wheel.

1.4.7
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The detailed assembly method necessary to guide the stack in the

is shown in Fig 8. _n Fig 8(A), proper direction by ropes either
the astronaut attaches himself to tied to the work scaffold, or by

the 4.5 foot radius track system a simple bracket hooked to the
and begins assembly by installing circumferential track. Ic is not

the first panel in place. Each the point of this paper to make

panel will probably use guide pins any design of each component of

and a locking fastener to hold it the system as long as it appears
in place. He moves the station generally feasible.
for panel two and installs it.

He continues as in Fig 8(B)

arou,_d until the 9 panels are EVA ASTRONAUT TIME REQUIREMENTS
installed. He th_a moves

vertically (or radially) to the v_ith the rationale of assembly

13.5 foot radius and assembles established and a design fairly
the next 15 panels (Fig 8(C) and well fixed, the next step will
so forth until all 240 panels are be to determine the astronaut

in place. All assembly will requirements. This should include

proceed from the backside of the fatigue, ECS, time and difficulty.

antenna to protect the mirror Obviously, if the assembly task
surface and reduce the burn hazard becomes a physiological

to the astronaut, impossibility, then man would
; have no role. So it will be
I

I There are two important necessary to scale the task

features in this assembly (complete antenna) to be reasonable
process which has not been with these factors. First_ let's

discussed so far. One, how do we make an estimate of how long it
i support the assembler with ECS; will take to assemble the 240

and two, how do the panels get panel antenna. The General

! to the circumferential rows? The Dynamics study showed that the
i environmental control and llfe average time to grasp, rotate

i support is simpliest to answer, and install an 85 square foot
The astronaut would use an panel was 0.80 minute. This was

i umbilical with the source at the achievedwith a relatively simple
i pivot point of the antenna. This fastener concept, a Gemini space

i would allow 360° rotation on the suit, and while underwater. Data
circumferential rings without has shown (Ref ) that space will

i being entangled. The length of be 1.5 times as slow as underwater

the umbilical would be only about simulatiou data. Therefore, the

80 feet long which is not un- assumptions for this evaluation

reason&ble since the Gemini pro- will be as follows:gram used 50 feet without too

i much difficulty, i

I The method for and ._ ,r_-raising

I lowering the panels to the appro-

i prlate ring appears relatively
simple. Since the panels are

weightless, we only have to
worry about the inertlas. This
will be controlled or minimized

by "raising" a stack of panels at
low velocities. It is then only

1.4.9 -.
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! EVENT TIME RE2dARK

.i Time Per Panel 1.20 (Min) 0.80 x 1.5
J

(50% Over Estimate)

_ Time to Translate 0.50 fps

Rest 5 min/30 mln

The over-all estimate to assemble the antenna will therefore be:

240 x 1.2 mln - 288 min

1881 x 72 x 0.5 ft/sec ffi 62 mln

Rest = ii.0 periods 55 mJn

405 min

This figure of 405 does not seem too unreasonable as it means

he will install 20 panels, rest 5 minutes, etc. The detailed back-

ground is as follows:

TABLE

TOTAL

RO.__W DISTANCE (ft) _ PANELS TIME (sec) TIME ,(sec)

1-2 9 18.0
2 29 58.0 9 648 706

2-3 9 18.0

3 85 170.0 15 1080 1250

3-4 9 18.0

4 141 282 21 1500 1782

4-5 9 18

5 198 396 27 1920 2316

5-6 9 18

6 254 508 33 2340 2848

6-7 9 18

7 311 622 39 2820 3442

7-8 9 18

8 367 734 45 3240 3974
8-9 9 18

9 424 848 51 3660 4508

TOTAL 1881 (ft) TOTAL TIME - 20826 Sec

DISTANCE or 347 Min

Rest 58

TOTAL 405 Min

1.4.10
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MAN'S CHANGING ROLE This makes it obvious that

although we can reduce the panel
The earlier roles for the size to make individual instal-

extravehicular astronaut has lations easier, the total time

been to construct and assemble required for EVA increases rapidly.
large structures, repair and This indicates that the "nut and

replace malfunctioned components, bolt" colLcept or fabrication in

and conduct scientific experiments, space will be totally unreasonable
In the construction and assembly due to the amount of EVA time

area, one may ask "How big of a required and the associated

Job can an astronaut be expected weight penallty.
to accomplish in space?" Also,

"At what point does man become The cost of an EVA operation
effective over more automatic of this sort involves two basic

techniques?" These are very elements - one - the pounds per

dlfflcult questions to answer hour of llfe support expendables,

with any degree of valldity, and two - the weight involved in

The experience from the Gemini recycling of an airlock. For the i

flights demonstrated that man will average case of a semiopen llfe

be tired or exhausted in a short support system and a non reclaim-

time from what appeared to be able alrlock is as follows:
not too difficult of tasks.

Major Aldrln's final flight on ECS - 8.0 ibs per hour
Gemini XII demonstrated improved

EVA performance if paced at a AIRLOCK - 25 pounds per recycle
slower rate and provided with

frequent rest periods. In addition, assume the

maxlmumwork length is 3.5 hours.

Reviewing the antenna design This is based on Gemini (2-1/2 -

analyzed in this study, it appears hours) and maximum back-packs

man can assemble this large of a (4 ho_rs). Using this data as

structure without too much before, we obtain:

difficulty, it will, however,

require the astronaut to

physically handle 240 separate i

panels, translate about 1/2 mile,

and be out for 6.75 hours of time _

(optimistic estimate). This is

all based upon a 9.0 ftx 9.425 ft

panel size. Suppose we make the

handling Job a little easier by

reducing the panel size. For
instance:

Nr of EVA

Siz....._e Panel_....__sLine (hrs)

9x9.4 240 6.75

9x4.7 480 13.50

4.5x4.7 960 27.0

4.5x2.35 1920 54.0

• i

1.4.11 .
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SIZE NR TIME WT CAL WEIGHT

9 x 9.4 240 6.3 50.4 + (25x2) 100.4

9 x 4.7 480 12.3 98.4 + (25x4) 198.4

4.5 x 4.7 960 24.3 194.4 + (25x7) 369.4

4.5 x 2.3 1920 48.3 4_3. + (25x14) 736.4

With _he types of weight penallties, it starts to become obvious

why it will be necessary to reduce the number of components and _asks.

/, 800.

600

400'

20O

!

i J ,
I000 2000

NUMBER OF PARTS

I Based upon the previous weight penalities.
discusslonj it is now possible
to make some conclusions relative b. EVA support equipment

k | to the EVA assembly task. These (ECS, tools, locomotion aids, etc)
are: must be designed to be as light

as possible to reduce total

a. The number of parts to system weight.

be assembledmust be kept to a
minimum to reduce time and

1.4.12
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c. Considerably more

experimental data is required to
establish man's capability to

install large panels on a

continuous basis. The scaffolding
technique can be tested adequately
in underwater simulation.

The primary advantage of an EVA
assemSled antenna, aL this time,

appears to be the stowage or package I B
volume during launch. However as ,
the panels become larger, the

ability to store panels in each
available square foot of space-

craft volume becomes questionable.
Therefore, work is needed in tl_,

following areas:

i. A unique panel design

and materials to obtain an

extreuely lightweight design wh_cL
is competitive with automatic
deployables.

2. Unique fastener and

EVA equipment design to reduce
assembly time and system weight.

t 3. Experimental tests to

I establish firm data on assembly
technique and time required.

4. Space tests verify
experimental data.
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REDUNDANCY VS. MAINTAINABILITY
SOME CONCLUSIONS ON _ CROSSOVER FOR MANNED MISSIONS

Philip Hedge
_'rnett Frum in

GRUMMAN AIRCRAFT ENGINEERING CORPORATION

SL_4MARY: Short duration missions that use automated redundant

systems have demonstrated a high degree of success. Manned main-

tenance may be weight effective for long duration missions. A

technique for determining the crossover, the mission time beyond
which a maintainable design is more effective, is described.

The crossover time's sensitivity to variations in maintenance

o_ _"t_-°+;^_._p_eters _e ___A__,,._o;_. Ana!_-ses show +_+.____o_a
maintenance becomes weight effective for a typical Earth-orbiting
space station when the mission _xceeds a few months.

INTRODUCTION space station involved is an earth

orbiting platform that provides

It is general]_ recognized accomodations for the experimen-
that space vehicles require manned tors, and a stable platform for

maintenance it"th_=yare to have a the astronomy, solar, meteorology,
high probability of success for earth resources and biology ex-

long duration missions. In fact, periments. A vehicle of this size,
without man, high probability of which supports scientific experi-

success may be un._chievable, due ments, is much more complex than

to the inability to foresee all prior space vehicles. From a re-
possible malfunctions and system liliability point of view, it is at

interactions. It has been demon- least an order of magnitude more
: strated that manned maintenance is complex, with an equivalent piece

unnecessary, for relative]_ short part count of more than four rail-

missions; that designs incorporat- lion parts. To protect the high

"i ing such maintenance would impose investment of such a program, the
inordinate penalties. What has mission success goal will have to
not been determined is the patti- be very high, probably .95 or

• cular time, or crossover; at which greater.
a mairtainable system is more eff-

ective. The need t.eidentify this Inherent reliability cannot '

cro_over was established d-_ring meet these requirements. Optimis-
studies of an ea_ch-orb:ting space tic projections of equipment (ass-

i station conducted by the Grumman emblies, bla_k boxes, etc.) fail-
! Aircraft Engineering Corporation. ure rates are of the order of one

Since man is on-board to perform to ten failures per million hours.

experiments, monitoring and control To achieve a system mission success
! functions, it would be beneficial goal of 0.95 for a five year mis-

to determine whether the vehicle sion the sum of all equipment fail-
design should allow for zma to per- ures rates must total about one

form the maintenance tasks. The failure per million hours Since

II.i.i .
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CONCLUSION ON THE CROSSOVER If the mission duration is more

than a few months the only combina-

Analysis of the results show tion of parameters which woald in-
that a mission duration of a few rite a non-maintainable design is

weeks is enough to make a main- as follows:

tainable design "yield dividends".

Figure 8 is an isometric represen- System - Low reliability goal
tation of the results showing the and complexity
bounds and trend of the crossover Maintainable Parameters - High

time. The surface represents the Non-Maintainable Parameters -

mission length at which a maintain- Low

able system becomes identically
equal in weight to a "non-maintain- A sensitivity analysis conduct-

able system" If the mission dura- ed by varying a single parameter
tion is to exceed this time then a at a time concluded the following:

maintainable design will result in

a lighter vehicle. A. Crossover time decreased
if any of the following

i parameters are increased:

System Rellability Goal

i System Complexity

/_ Switch Weight

A_@//A,._-'-AJ Switch Failure Rate
/ System Failure Rate

B. Crossover time increases
if any of the following

parameters are increased:

Connector Weight
Connector Failure Rate
Tools and Technical Data

Isolation Valves
Induced Failures

Isolation Valve Failure
Rate

The authors conclude that for

any manned spacecraft, a maintain-

able system is "optimal", if the
mission is to be for more than a

couple of months. A best long du-
ration vehicle will include some

automated redundancy in critical
systems with short allowable down
t._mesto overcome man's deficiency

of requiring time to make repairs.
FIGURE 8 CROSSOVER SURFACE

' iI.1.8
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2) Weisberg, SA and Chin; J.H.S.,
"Reliabil_.ty and Availability c) Mission success or relia-

of Some Redundant Systems", bility goal
Electronic Systems Division

Maintainability Conference, d) Weight of equipment defined

March 1963. in a) above.
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FolAowing is a tabular sum-
APPENDIX mary of auxilliary equipment:

PROCEDURE FOR DETERMINATION OF Automated Standby
CROSSOVER TIME

: Switches

i As noted in the paper, a gen- Wiring and Plumbing
• eral technique was developed to Checkout Instrumentation

determine the approximate time at Spares Environmental Control
which an automated non-maintain-

able system weighs more than a man Manned Maintenance

maintained system. The procedure,
together with the assumptions and Tools and Manuals

approxi_tions are outlined below: Connectors
Checkout Equipment

The following "basic inherent Isolation Valves and Relays

functional system" must be identi- Man (rime and Skills)
fled from preliminary analysis.

a) The total number of equip- In order to derive the cross-

' ments or potentially re- over time it is necessary to de-
, placeble units required to velop , plot of system weight

i perform the objectives of versus time for each of the above
the mission. A replaceable mechanized systems and obtain the

:I equipment could be a single point of intersection. The above
!

component such as a Sabatier lists were reduced by deleting

Reactor in an EC/LS subsys- items that were commcn and/or of

I
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a single equipment, at beg, will dancy tec.hniques use weight as the

meet this goal, it is obvious that dominant constraint.
a system containing several thous-
and equipments will have a much

lower reliability. Figure 1 _nows REDUNDANCY
the inherent reliability forecast

for a single equipment and a total Parallel operating redundancy

system. Obviousl_r, there is a requires that all redundant equip-

large gap between inherent relia- men_ be on line, simultaneously,
' bility of equipment, and the re- with the basic equipment. The

liability requirements of a !tug system does not fail as long as

duration mission. Fortunately, one of each required equipment is
' there are techniques available to operative.

bridge this gap. Redundancy, "n

: the form of either parallel op- Stsu_dby redumdancy does not
erati_ rc__-_"-_.....,o_ _._-"_ $require the redundant eauioment._ to
switch-in standby redundancy can operate until the basic equipment

significantly improve system relia- fails. This reduces the redundant
bility. In manned missions, a main- equipment's exposure to failure.

tainable system could be provided
using man to perform the repair Figure 2 sho_:sthe "theoretic&]"

actions, weight/reliability curves for pa-

,.0- SYSTEM rallel and standby redundancy.
__'k_EQU--_--ME_--- GOAL Assuming perfect switching, stand-

o.s/k _'_%XFoRzc_sr (o.9_ by redundancy is a more efficient
).

means of achieving the reliability
o._ goal. The abscissa, At, is the lm_-

duct of the equipment failure rate
o.4 (_) and the mission time (t).

0.2 REL = CONSTANT

FIGURE I RELIABILITY OBJECTIVE/FORECAST O _ _- STANDBY
. Evaluation of redundancy tech- / /

niques must be accomplished with // _
J

regard to a specifiec design con-

straint. At the ear_ design 0.22v _t-_

: stage, many of the design con- FIGURE2 THEORETICALREDUNDANCYCURVES
straints, such as cost, power,
volume, and manpower, are not too The parallel redundancy curve

clear].v defined. They are subject has an inflection point (minimum

to variation, depending ¢n mission slope) at a constant value of At
objectives and vehicle design. (0.227). The slope is continu-

However, weight of a vehicle is a ously decreasing from 0 to 0..0-27

well defined constraint, deter- and then continuall_ increasing
mined by the cspability of the beyond 0.227. The standby redun-

launch vehicle to inject a payload dancy curve has a continuously de-
into the required orbital altitude creasing slope as At increases.

and inclination. Therefore, trad@ Thus, for At values greater than

off studies of alternative redun- 0.227 the two curves diverge very

II.1.2
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rapidly. This point suggests a swrrc, cHECZVALVE

practical limit to the economical _ V-6_-_-] r_-8_
use of the parallel redundant
technique.

Practical application of these
redundancy tec_miques departs from
the theoretical. Parallel redun- FIGURE4 STANDBYREDUNDANCYCONFIGURATION

dancy involves problems of multi-

failure modes of equipment. Such

equipment must be arranged in a liability is not time dependent.

series parallel configuration to Man may be considered as such a

protect against each mode of fail- mechanism. By installing seper-
ure and results in complex net- able connectors and some system

works of equipment. Figure 3 shows isolation equipment, a maintain-

a typical series-parallel configu- able system can be designed in
ration, which malfunctioning units are

simply removed and replaced with
spare parts.

In practice, a combination of

tecbx_iques may be required. Re-

dundancy may be required, if the
allowable downtime is insufficient

for the maintenance tasks confi-

dent performance. However, the
redundant system can be designedFIGURE 3 SERIES-PARALLEL CONFIGURATION

-m to permit replacement of the pri-
mary equipment while it is operat-

In addition, not all equipments ing in a redundant mode.

lend themselves to operating re-
ANALYSIS TECHNIQUES

dundancy techniques. In many
cases, system characteristics

Determination of the cross-
change when one or more of the

over between a maint_ _nable and a
parallel redundant equipments are

inoperative, nonmaintainable system for a
specific design requires a de-
tailed analysis of each ¢_mponent

Standby redundancy is highly of the system. The analysis con-
dependent on the reliability of

sists of calculating the best
: the switch and sensor mechanism.

The switches (or valves), consider- (lightest weight) nonmaintainable

ed to be continually operating, configuration for each component
for various time periods. This

have a time dependent reliability, implies a trade-off between op-
Increasing the reliability of an

automatic standby system results erating redundancy and automatic
in a complex network of switches standby redundancy, at a fixed

and sensors controlling the stand- reliability or mission goal. The
total weight for the nonmaintain-

: by redundant equipment, as shown

in Figure 4. able configuration is obtained by
calculating the individual weights
of each component configuration

Standby redundancy can be in-
for each time period, resulting in

yoked, if the switch can be re-
a weight versus mission time curve.

placed by a mechanism whose re-

, II.l.3
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A similar curve is computed for the standby redundancy with automatic

maintainable case by determining switching. To derive the main-

the weight of spares, isolation tainable system weight versus time
valves and counectors, to achieve curve, auxilliary equipment such

the same reliability goal. as manuals and tools, isolation

Figure 5 shows the general shape valves or relays, and connectors
of the curves and crossover point, are defined. The spares required

! are calculated based on _ and M

values. A weight penalty is alsoNON introduced to account for imper-

fect repairs. The composite curvei is shown in Figure 7

__MAI_AINAB LE
O

'CRAVER

IMISSION TIME _ _

FIGURE 5 MAINTAINABLE VS NON-MAINTAINABLE _ _ /
WEIGHT VS MISSION TIME

SWITCHES...

J This component level analysis
: requires that the system tulder TIME

study be completely defined, which
is not feasible during the early FIGURE6 NON MAINTAINABLE
phases of a space vebiele's de- WEIGHT VSTIME

sign This complex analysis is
also time consuming, therefore a

i simpler and more general techniqueI

was developed, which is out?ined

briefly below, and described in |

detail in the Appendix. This tech- _-i _ L "u_Es'_-_'ER_--_---'WTnique determines the approximate

time at which an automated non- _ _ . i
maintainable redundant system [_ _

j weighs more than a man maintained _ -- TOOLS __MA__ ALS *
DUCED FAILURES -- --system. ____ ------

i TIME

A gross system level analysis FIGURE7 MAINTAINABLESYSTEMWEIGHT
is performed by identification of VSTIME

functional equipments and their
approximate failure rates and The maintainable and nonmain-

weights. From this basic system tainable curves are then both

. definition, an average failure plotted as in Figure 5 to determlme
rate ([) and maximum number of re- the crossover time.

placeable units (M) is determined

i Using [, M, switch weight and Each crossover cur,re is obtain-
failure rate, a nonmaintainable ed by fixing the following system
system weight versus time curve, parameters:

Figure 6, is generated assuming

II.i.4

1971066602-099



Both redundant parts do not have

to be designed into _he op-

Reliability Goal erating system.

System Weight

Average Inherent Basic System APPLICATION
Failure Rate

Grumman has conducted studies

Nonmaintainable covering ear bh orbiting vehicles

for missions of up to five years.

Valve or relay failure rate A typical vehicle is equipped for

Valve or relay weight stellar and so]ar astronomy, meteo-

rology, biology and earth resources

Maintainable investigation. It provides livi:Lg

accommodations for the experimen-

Connector weight tots, and a stable platform for

Number of isolation valves the experiments. This space

Connector failure rate s_a_ion would have an upper limit

Weight of manuals and tools of approximatel_ 220,000 ibs. (due

• Percentage of faulty repairs to Saturn V launch vehicle con-

Isolation valve failure rate straints) and house between nine

and twelve men. To provide these

These analyses considered man basic functions, tbe vehicle con-

normally on-board the vehicle as sists of the following subsystems.
part of the mission or experiment

package. If man were not on-board, Power Generation and Distribu-

his introduction solely for main- tion

tenance purposes would have a pro- Environmental Control/Life

nounced effect on the crossover Support

time. He and all his _upport equip- Navigation and Guidance
ment would have to be included in Stabilization and Control

_r.e maintenance penalties. In this Propulsion and Reaction Control

case, a thorough analysis to de- Data Handling and Communication
termine the crossover must consider Instrumentation

'. such factors as: Controls and Displays

o Interchangeability - One Incorporated in subsystem de-

spare part can replace many sign are innovations to minimize

similar parts throughout consumable requirements such as :

the vehicle, thus reducing a) Oxygen recovery from
' spares weight. 1,2 Carbon Dioxide

b) Water reclamation from

; o Support by logistic re- humidity condensate and
supply, if vehicle is in urine

earth orbit, thus lowering c) Control moment gyros for

on-board spares weight, removal of cyclic distur-
bances

o Flexibility in level of d) Magnetic unloading for re-

replacement, moval of gravity gradient

bias torques

o Versatility in flight pro- e) Use of waste products as

file. fuel in a resistojet pro-

, pulsion system

o Simplicity of design since

TI.1.5
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Using the above defined vehicle technique outlined in the Appendix

as a typical long duration manned were generated and are listed in
spacecraft, an analysis was conduc- tables I and II. Upper and lower

ted to determine the crossover bounds were also generated so that

time. The parameter values, rep- a sensitivity analysis could be
resentative of this vehicle, re- conducted on the assumed likeliest

quired to apply the analytical values.

TABLE I
SYSTEM ARiD NON - MAI_EAINABLE PARAMETERS

• System LO__WW LIKELIEST HIGH

Rel Goal .9 .95 -99

Total Components or Functions I000 2000 4000

Fail

! Average Component Failure Rate (--_-?.) 5 x 10"6 i0-5 2 x lO-5

Average Component Weight (lbs) lO lO lO

4

Non Maintainable Penalties

Switch Weight (ibs) 1 2 3

Fail

Switch Failure Rate (--_-?.) i0-7 10-6 10-5

|

TABLE II

MAINTENANCE PARAMETERS

LOW LIKELIEST HIGH

J

Connector Weight (ibs) ½ 1 2

(Fail_
Connector Failure Rate _--_, 2.5 x 10 -7 10 .6 4 x 10 .6

Tools and Teeh Data (ibs) 200 i000 4000

Isolation Valves i00 200 400

Isolation Valves Weight (ibs) 1 1 1

Induced Failures 10% of Expected Number of Failures

(Fail_ i0-6 i0-6 i0-6
Isolation Valve Failure Rate , Hr."

11.1.6
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The crossover times established And if we assumed "likeliest"

by _arying maintainable penalties maintainable system penalties:

non-maintainable penalties and Com,ector wt. 1 -6
system complexity using the tech- Connector fail rate lO

nique described in the Appendix Tools and tech data lOO0

are shown in Table 3. Isolation valves 200
Isolation valve wt 1

For example, suppose we had a Isolation valve fail rate 10-6

system with "low" parameter values: Induced failures 10%
Reliability goal 0.9

Components IOOO 6 We would enter Table 3 at the LOW
Avg Fail Rate 5 x i0- system requirements, and tl:e 1 ]b
Avg Comp Wt. i0 Switch weight (third row down), and

at the LIKELIEST maintfi,_Ole pen-

And if we assumed "low" non- alties (second column), and find !_7-
maintainable penalties: that the crossover time is 330 hrs.

_._,itch"_" 110_ 7 That is, if the mission time wasSwitch Fail rate scheduled to be more than 330 hrs.,
a maintainable system would be
more desireable.

TABLE 3 CROSSOVER TIME - HOURS J
IF

Switch Wt _ I

Sw Fail Rate \ Maintainable Parameters

System Req '_ Low Likeliest High

50 180 2500

'o _ 70 285 5000

90 330 48,000

¢_ 40 100 550

'o _ 50 130 1000

i _ _ 75 200 5000

¢_ _ 0 10 75
| e_ tt_

: t_ a° _ --0 20 110
_Z_ ,-_,

_ 0 30 7001

)
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insignificant weight. Thus, the _

trade-off was an automated stand- $i --" MI

by system with switches versus a , --"
man maintained system with pen- '.

alties for tools, connectors, ' JK 2K 3K 4K ---_-_
isolation values and relays.

FIGURE 10 .¢,TANDBY REDUNDANT SYSTEM-

MINIMUM Y'#ITCH ES

Non Maintainable Automated System

i The reliability expression,
i The automated system is illus- assuming that all switches must ,
! trated in Figure 9 where each operate and that at least one of

+ equipment and spare is protected each standby unit is in operation,
by a switch which consists of a is as follows:3

package of electrical relays or N

hydraulic valves, depending upon Rel = (Rel Switch )N+_l=_i (1)

the subsystem. _ _i e-lit (_.+)x
[}D-- x:o •

BASICmHERENT SYSTEM ki = numbe_, of spare standby units

for ivn serial uniti = failure rate of ithserial unit
I I I I I II

_ _ t = time of operation

FIGURE 9 STANDBY REDUNDANT SYSTEM-

MAX:MUMswrrcHES N = number of serial standby units

in basic system and can vary
The number and weight of from 1 as in Figure lO to M

switches increases as the level of as in Figure 9.
implementation decreases. On the

other hand, the spares and weight To reduce the enormous number

i decrease at a lower level of redun- of combinations possible to achieve
dancy, due to the standby units the same reliability, the goal was

] lower failure rate. An analysis apportioned equally between thet

was, therefore, conducted to de- switches and spares. Therefore,
termine the optimal level of i N (2)

= )N+_.ki
switching to give minimum system (Rel)_ (Rel Switch. i=l =

and spares weight to achieve the N ki
system reliability goal. The .U m e-ki _
minimal number of switches is l= ix=o

i

i shown in Figure lO which illus-
trates the case of a completely An estimate ([) of the aver-
redundant system. If any one age equipment failure rate is
equipment fails all the m_its on generally obtainable early in the

line in that system are useless, preliminary design and believed

The maximum switch case was illus- more accurate than _he individual
trated in Figure 9 above where a equipment estimates, thus, a

failure of one equipment does simplification was made in calcu-
not affect any others, lation of the number of spares

: required to achieve the reliabil-
ity goal.

II.l.lO
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i

The number of spares must be N

an integer for an individual unit, But _ =7 /N
but the system average or expected i='Ii
value need not be. If it is

Therefore :
assumed that spares are a con-

Total spares = N(A_ T + B)tinuous and ].inearfunction of

lt, which is a good approximation Where N represents the number of
in the high reliability range for switches in the basic inherent

_t_ greater than 0.2, see Figure system and (_) is the average

l_, then the spares required can failure rate of a piece of equip-

be calculated as follows: ment or group of serial equip_
ments. For a specified relia-

Number of sparesi= Ai(kit) + B. (3) bility goal A and B are determinedi
N and total spares weight, assuming

Total system spares =i_i spares i all equipments apprc_imate]_,
equal in weight, is equal to

(Inh. Sys. Wt.)x(A_ + B)

The total number of switches

I RI requ:'_redis equal to the total
// number of stares plus N.

1t2 ---
Number of switches = N+N(A_t + B)

o

Rs The required reliability of
each switch is determined _'rom

eq.(2)
0.2

xt--, Req'd switch rel. =

F,GURE11SPARESVS 1 (4)

If many of the standby units (Rel. Goal) 2'(N+N(ATt+B3)
failure rate multiplied by time
(It), are less than .2 a linear The switch is assumed to con-

regression line cm_ be established, sist of a series of values or re-

Equation (3) with A and B con- la_s, each with a single mode of
stant for all i, is used in cal- failure. If a switch element has

culating spares for all _nits, if an exponential failure density

_ll units have the same reliabil- function, and a switch is composed

±ty goal. Thus, of a group of elements in parallel '

._ N operating redundancy (1 out of 3

!, Total spares =i_=iAi(lit) + Bi must operate), then the following
expression de+ermines the number

N of elements per switch to achleve

= Ai_=llit _ NB the reliability goal of the switch. -.
t m

And if t = constant for all equip-

ments then: Rel switch = !-(1-e'Isw t) SI N
J Total spares = At_ Ii + NB! i= 1

II.1.ll
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• • T,
The minimum weights, WI,.'._,..a

or S = log (1-Rel. Sw.) were then plotted against mission

10g (1-e-_'swt) time _, t2 , t3 to establish the
non-maintainable system curve as

Where sho_T,in Figure 6 in the paper.
_sw = Failure rate of valve or The two curves composing the total

relay curve are sho,^mwith broken lines.
t = Time of mission

Rel. Sw determined from eq.(4) The switch weight grows with time,
• similar to parallel operating re-

The total system weight (switches dundancy shown previously, where-as the spares weight has a contin-

+ spares + basic system) for a par- uously decreasing slope similar
ticular tize, reliability goal, aver- to standby .edundancy.
age component failure rate, and
switches in inherent basic system
is now determined. Man-_._intained System

Total Wt. = S(N+N(A-_t+B)) (Sw.E1.Wt.) The man-maintained system

+ (N+N(A _t+B))(Sys.Wt.) weight and parameters, asstuming
man on board as part of the mis-

By varying the number of switches, siGn experiments, were defined
N, in the basic i_herent system, a as follows:
curve was developed for a specific a) The total replaceable
mission time from which the minimal equipments were identified.

system weight could be determined.

Figure 12 is a plot of system weight b) The number of isolation
versus number of switches with WI , valves required to allow

W_, W3, corresponding to the mini- for on line repair and
mum weights for time tq, t_, t_ re- replacement.
spectively. As time increased the

number of switches at which the sy- c) The total replaceable

stem weight was minimum also increas- tu_itswere then equal to
ed. the sum of a) and b).

d) The weight of inherent

__ system was calculated and

increased by a total con-

% nector weight. Each on
line and spare unit was

']w3 assumed to require a con-
I nector, to allow for the

maintenance action.

_ _ ---/tz
I e) System failure rate was
I _t 1

_-- I -- increased to account for
-----1 I the added connectors andi Ii

I I _>t2>tl isolation valves.
I i

' ' f) A fixed (independent of
NUMBEROFSWHCHES------_ mission time) tools and

manuals weight was gener-
FIGURE 12 WEIGHT VS NUMBER OF SWITCHES ated.

_ II.i.12
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g) A percentage of the expected B N

number of repair actions _ereiE I _. = _ _. - N ,were considered to be bad. "= l i=I l connector

* (B-N)_'isolation valveThe system schematic is shown in

Figure 13.

_O_Tm,_ CO_NECTO, N = Number of replaceable equip-
/ ments

VA/ / B-N = Number of isolation valves

MAL_'TAINABI.E SYSTEM
I If K is the number of spares per
i on line equipment calculated by

_ _ _---_ I use of T.then
I

e@o ! Total weight = (K * l) (System

' Weight) + (Manuals and Tools

sP_s _j w_) + _ of expected number of
repairs (B_t) with system

rmt'nz 1_ M,_T,_U_._ sYs"r_M_7r. weight defined in (d) aboveSPA.IRES

On-line standby equipment may The general shape of the re-

be required for some critical sulting curve is shown in Figure 7
systems, where the probability of with a breakdown cf the composite.

completing the repair in the The crossover time is determined
allowable down time is low. But from the intersection of the re-

this would merely change the spare sultant graphs of Figures 6 and 7

unit's location and would rot and typically shown in Figure 5-
effect the weight significant/_.

In fact, most systems have relative- This technique may be applied

ly long allowable down times in not on/_ to spacecraft, but an)-

which man mu_t accomplish the re- vehicle or equipment requiring a
pair action." Therefore, to achieve tradeoff between manned mainten-

the mission goal sufficient spares ance and an automated redundant

must be allocated. The probability system. The crossover time gen-
of not running out of spares for £rated is not exact and thus

: a piece of equipment with exponen- should onl_ be used as a guide.
tial failure density function is If the mission time is near the

calculated by use of the cumulative crossover time further detailed

• Poisson expression with parameters analysis may be necessary to

defined" previously, arrive at the optimal system.

i Prob. of equipment operating =

"i k -At (),t) x
{ _: eX--O|
r

I As in calculation of the spares

! required for the non-maintainable

case, the linear approximation was
made with

|
B
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SPACE SYSTEMS MALFUNCTION ISOLATION

by

Roy B. Carpenter Jr.

Space Division
%

North AJnerican Rockwell Corporation

SUMMARY: One of the pacing factors associated with the

in-space maintenance (ISM) problem is the need to know

when systems a,'e operating correctly, and how to provide

diagnostic facilities when the systems are malfunctioning.

This paper illustrates h-_w to determine what system param-

eters to monitor without exceeding the bounds established by

easonab!e expectancy.

INTRODUCTION superfluous weight or time-consum-

ing activities.

All manned space flights, so far,

have been conducted safely without Since the average spacecraft has

resorting to maintenance in flight, literally millions of parts,it follows

The unknowns surrounding man's abil- that each one, theoretically, con-

ity to perform maintenance in space tains the possibility of failure.

have been a strong motivating factor However, experience has shown

in taking other approaches. The prob- that we must only be prepared for

1era has been proliferated by the those malfunctions that actually

desire to stretch out these missions occur; yet we tend to want to bring

in deep space and in the time domain, the whole store with us to meet

Consequently, it has become more any eventuality. Experience has

and more obvious that some form of demonstrated that there are prac-
In-Space Maintenance (ISM) must be tical limits, established by effec-

planned. I, 2 tiveness criteria and/or weight and

storage space limits. How then

To implement such a program, it can the space-mission planner

is necessary to provide adequate on- determine what to evaluate and how '

board information on systems per- many things to monitor without

-t formance and follow specific guide- exceeding the bounds established

lines. Correct operation must be con- by reasonable expectancy?

firmed by a performance monitor and

diagnostic data must be provided The usual approach to test sys-

whenever a malfunction occurs. The tern design is to poll all of the sub-

information must be timely so that system engineers and ask what

: restoration can be safely accomplished they think should be monitored arrd

, within time constraints, but must not where the test points should be

, unbalance the spacecraft or crew with placed. The tendency is to look at

' 11.2.1
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everything and the result is an in- failure manifestations. When this

flight test system which approaches is achieved, an ISM plan can be

the size and weight of the rest of the evolved and implemented, based on

mission systems. A technical deci- probability and logic, rather than
sion must be made to reduce, to a an incoherent, random process.

manageable level, the number of

parameters monitored. A random The procedure involves use of

approach can present a frustrating reliability data, not in the absolute

dilemma while a logical process can realm, but as a relative figure of

save much weight, time, and program merit. This ISM identification

funds without impairing the probabit- technique is il'ustrated in Figure 1.

ity of mission accomplishment.
Therefore, one alternate solution is The analysis starts wi:h a reli-

to eliminate all ISM potential from ability assessment of the systems.

the mission and make the functions First, each part or assembly is

sufficiently redundant and reliable so listed in order of unreliability.

! as to cancel out the need for diagnos- Then the failure modes and mani-

tic equipment. The space programs festations are determined. After
to date have essentially operated on that a complete ISM plan can be

this principle. However, the time devised by using these factors as

has come with the extended mission a guide.

i studies when this can no longer be
used; the ISM must be properly The failure manifestation helps

; planned to assure reasonable proba- select the performance-monitoring
bilities of mission success, requirements, the diagnostic

equipment, and subsequently the

safety and training requirements.

PREDICTING THE ISM This results from our ability to

specifically identlfy the potential

A logical way to resolve this pro- failure, its modes and manifesta-

blem was identified during a recent tions. And this makes it possible

study of space mission duration exten- to preselect the best or most togi-

sion problems. The basis for the cal manifestation to use.

approach was the "unreliability index, "
the "failure manifestation," and the The failure mode analysis

"failure mode" data. By using these already has been shown as a use-

data the "expected" maintenance action fur tool, first for selecting the best

is identified specifically and the func- level to spare, the required spares

tions with acceptable risks are elim- complement, the tools required,

inated from further maintenance con- as well as the supporting design

siderations, requirements and constraints. 3

l

i Consequently, the performance The unreliability index provides

monitoring and diagnostic equipment the necessary visibility into the

can be designed to deal only with those LSM requirements. By ordering

"expected" failures and the primary the components, as indicated by

11.2.2
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i PERFORMANCE

.... / MONITOR
r_.oO ._... I inN: | | DIAGNOSTIC

_ r"l ____,_L_u_,E..... H EQUIPMENTI I MANIFESTATION I I SAFETY

, I W/GPUMP _ _,,-,--J I REQUIREMENT
I MOTOR .91 I,,J,",,".... !-- l I TRAINING

2 Ii TEMPCONT .9a Iru"-'t'w''_'_LI I L REQUIREMENt II '"'"' I-I I _ [SPARESI
"r----'-' I i _1 =.',.,To. i/REQUIREMENT

.3.-_c' v'_tv' I --I-'1 '_'o[,_" I'(|M..RTOOLS

-" I REQUIREMENT

SAMPLE

PROBLEM INOPERATIVE-_--_" CABIN TEMP---_MOTOR---I_REPLACE

W/G PUMP • EQUIPMENT FIELD MOTOR
OVERHEAT OPEN ONLY

• W/G TEMP
RISE

• CHANGE iN
CURRENT DRAIN

• NO COOLANT FLOW
• t

L_PERFORMANCE DIAGNOSIS
MONITOR

SENSE COOL- SENSE MOTOR
578REI3822 ANT FLOW CURRENT

Figure 1. LOGIC FOR MEETING :viAiNFENANCE PROBLEM

' the example of Figure Z, the weakest for ISM's tends to neutralize some of1

• links, or the most failure-prone corn- the effects of uncertainty in the actual

ponents appear at the top and the least reliability and the resulting mission

likely appear at the bottom. Then an is less sensitive to these uncertainties.

: acceptable risk level is established,

; not necessarily for the entire mi::sion Figure Z lists the data storage unit :

or system, but rather for the individ- as the weakest link in the cornInuni-

ual functions of each mission system, cations and data system, and by draw-

! ing a line at the acceptable risk level,

i The level of assembly at which the items requiring maintenance are iden-

I risk should be equalized depends on rifled specifically. All others are

the specific mission/system. For ruled out by definition; that is, we

the example chosen, the black box have inferred that they are within the[

I level is used; that is, each item is a acceptable risk. Therefore, for this!

separate and identifiable box, and its example, the ISM requirements to

I reliability is expressed as a bar to achieve or exceed 0. 999 per cornpo-. the nearest order of magnitude. Each nent are as indicated in Table I.

[ additional segment of the bar repre-{
i sents the effects of a spare stored These data indicate that the data

i under optimum conditions. Providing storage system may fail up to three

: 11.2.3 '
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CONTRIBUTION TO SYS MISSION SUCCESSORDER! COMPONENT

0.9 0.99 0.999 ]0.9999 0.99999 0.999998

, DATA _, I 2 ]I 3 [ 4
I

2 PCM TELEMETRY_/y_/X/_ 1 2 I 3

3 uPowTA "//////////_, ,' 2 ,
S-BAND AMP II ' CTWT) "//////////////A' '

5 AUDIO CENTER Z////////////_/_///_ 1 2 ,,_

VHF/A M _////z/_/_..//,////A 1 2B TRANSCEIVER
I

7 CENTRALTIMER _//'_//'_/_/,7/._/_/_ , I Z

B UNIFIED S-BAND _1_'-__RECEIVER

SIGNAL __9 CONDITIONER

10 PREMODULATED _ I.oc,.o. ,
11 OR SWITCH 1

.-.

$78RE]3823 Ii'_"EQUAL RISK LEVEL R:0.999

Figure Z. FUNCTION UNRELIABILIT'2 ,..3 THE SUPPTG|
ISM REQMTS COMM AND DATA MGMT - BOX beVEL

times while the central t{mer would These then are the keys to solving

fail only once, and that the multi- the problem. The next activity

plexer (MUM) "will not" fail. We required is the identification of

I now "know" what will fail and how how they will fail, the failure mode,

[ often. These are the basic constit- how we know it failed, and theI

uents to a logical approach to failure manifestation.
malfunction isolation and correc-

tion plan. Table I. ISM REQMNTS FOR
COMMUNICATION AND

MGMT SYS
#

PLANNING FOR THE ISM OROEROF EXPECTED
• SYSTEMCOMPONENT NUMBEROF
t FAILURE ISMACTIONS

Two things are evident from the I. DATASTORAGEUNIT _,ZcZ

latter analysis: z. PCM"TELEMETRY ,,_2
3. UP-DATA LINK ,c 2

4. K-KANO TWT ,c 1

1. What will fail--the scope of s. AUDIDCENTER ._I
E. VHFIAM TRANSCEIVER ,c I

the maintenance program; 7 CENTRALTIMER c 1
E. UNIFIED S-BAND RECEIVER ,c,cl

II. SIGNAL CONDITIONER _-,el

Z. How often they will fail, or ,o. MULTIPLEXER O

what is most likely to fail. TOTALNUMBEReXPeCTeD "(13

11.2.4
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The Failur_ Mode Analysis Again, from the example of Figure 1,
examines each "unreliable" corn- the pump motor is known to be the

ponent in much the same way the most unreliable component. Table Z

component was identified as poten- presents some of the expected mani-

tially unreliable in the first place, fest_t_ns of such a failure, by class.
i.e., the analysis is to determine

Table Z. FAILURE MANIFEST,what part of the assembly fails
GLYCOL PUMP MOTOR

first and by what probability ratio. FAILURE
In the example of Figure l, the

glycol pump was identified as a CLASS MANIFESTAI"ION

potential ISM candidate. The I NOCOOtXNTFLOW
failure mode analysis indicated PRIMARY Z. CHANGE IN CUPRERTDRAIN

that the motor would fail first by

a ratio of 100 to 1; and further, 3 .0ViSRATIDRS0HAC0USTiCOUTPUT

the motor field was most likely to IECONOAHY4. GLYCOLTEMPERATURERiSE
fail open.

5. CA|IN TEMPERATURERISE

TERTIARY S. EOUIPMENTTEMPERATURERIlE

One problem to face, not a part
7. OTHER REASONS

of this paper, is the decision as to L

what assembly level to make the
maintenance action. It could be

the glycol pump assembly, the Failure manifestations can be sop- _.
motor, or the motor field. 4 In arated into classes as indicated in : __

this case, the motor was the most table; any one of these could indicate

practical level at which to make the a pump failure. To avoid unnecessary

repair, diagnostic activity, it is necessary to

single out those manifestations which

We now know: would be peculiar to pump motor fail-
ure only.

1. What will fail

Selecting the appropriate manifes-

2. How often they will fail ration(s) to use as an index of failure

is a critical decision, as shown in

3. How they will fail Figure 3. Given the failure modes

. and manifestations of all probable ,
: Since the subject of th'_ paper is events, an analysis of these data is

: how to isolate the malfunction in a made to ferret out common traits of

, dynamic situation such as encountered manifestations. For example, in

in manned space flight, we must next Table 3, part of a thermal control ;_
, identify the method of flagging the loop is illustrated in simplified

"look points" or determining where form. In three of :.he four potential

t the tests points would be most situations, failure will result in
effective, complete or partial loss of coolant

' flow. Therefore, this could not be

The Failure Manifestation is the used only for isolating the failure

tool which will permit logical isolation to the pump. However, it may be _
' of the malfunctioning component, desirable to monitor flow since this

II.2.5
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i1SE,ECT,ONI
] IDENTIFIED ISM I "COMPLEXITY[I EQUIP/

] ISM DATA [ DATA I* TIME |[ ROUTINES

!

i FAILUREME,DES [
PECULIAR

COMMONALITY MANIFESTATION
ANALYSIS ANALYSIS

I FAILURE

I MANIFESTATIONS

' k_ I

MANIFESTATIrNS _ MONITOR
REQUIREMENTS

i

Figure 3. SELECTING FAILURE ISOLATION PROCEDURE
AND SUPPORT EQUIP

Table 3. SAMPLE MANIFEST ANALYSIS, THERMAL CONTROL

LOOP, PART OF ECS

ASSEIF,JLY/ PRIMARY PECULIAR POINTS
FAILUREMODE MANIFESTATIONS MANIFESTATIONS DIAGNOSTIC
1. GLYCOL PUMP 1. NO COOLANT FLOW 1. CHANGE IN

(MOTOR FIELD 2. CHANGE IN CURRENT DRAIN CHECK
OPEN) CURRENT DRAIN 2. NO VlB OR CUnilENT

3, NO VOB OR ACOUSTIC
ACOUSTIC OUTPUT OUTPUT

2. TEMP CONTROL 1. NO COOLANT FLOW! 1. NO CUPqENT CHECK
VALVE (FAILED 2. NO CURRENT FLOW FLOW CURRENT
CLOSED) 3. NO MANUAL Z. NO MANUAL DRAIN

RESPONSE RESPONSE

3. RAD ISOLATION 1. NO COI)L&NT 1. NO CURRENT
_ALVE (FAILED FL_W THROUGH FLOW CHECK
CLOSED) "tHAT SECTION CURRENT

2, NO CURRENT
FLOW

4. 6LYCUL TEMP 1. IMPROPER TEMP I. IMPROPER TEMP

SENSOR (NON- INDICATION INDICATION ON CHECK
RESPONSlVE_ 2. LOWER CURRENT ONE OF THE REOUNDAN1

DRAIN SENSORS ONLY SENSOR
3. GLYCOL TEMP 2. LOWER CURRENT

EXCURSIONS DRAIN

II.2.6
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will be a single manifestation which Selecting the Diagnostic Routine

can be used to i ,dicate a failure has involves the establishment of a logical

occurred. This would then initiate approach to isolating a given malfunc-

the need for further 4iagnosis. tion. The proposed approach is based

on the prerrise that the performance

Selecting the Performance monitor (PM) already has indicated
Monitoring Points involves a set of that failure has occurred somewhere

criteria different from the diagnos- within a system and/or function, and

tic routine. The performance checking the PM is the first step.

monitor must be simple, yet include The diagnostic routine should indicate

all of the "expected" malfunctions, the subsequent path to follow in iso-

Its job is to sound the alarm indi- lating the malfunctioning component

cating that a malfunction has to the level selected for the repair or

occurred. To simplify the system, replacement action.
reduce weight, time, power con-

sumption, etc., it is desir,ible to To be most effective, the diagnos-
monitor those functional manifes- tic routine should start with the com-

tations which are common to the ponent that is most likely to be the

most "expected" malfunctions, cause and then proceed toward the

Therefore, in the selected exanlple, least likely. As a case in point, con-

itwould be desirable to sense the sider that the relative failure potential

coolant flow since stoppage is corn- of the sample function is as given in

mon to nlany of the identified fail- Table 4; the diagnostic routine for

ure modes, this example would then be as ref,ec-

ted in Figure 4. Once it has been

Selecting the Diagnostic Points established that the glycol is not flow-

and associated supporting equip- ing, the pump rector -.veuldnormally

nlent requires consideration of be checked first, because it is most

somewhat different criteria. Corn- likely to fail. The next three compo-

plexity, time, training require- nents are checked in order of signi- f

ments, weight of equipment and, ficance until the potenzial malfunctions

most important, the peculiarity have been exhausted. Any other corn-

of the manifestation are the influ- ponents in the function need not be

' encing criteria. As indicated in checked since, by definition, the -

the example of Table 3, the current failure must be one of the selected

drain associated with the specific components (within the acceptable

._ item for cases ], 2, and 3 seems risk level).

to be the best or only peculiar mani-

festation. As a case in point, con-

sider the glycol pump, where the Sensitivity to Inaccuracies

most probable failure is an open field

in the motor• This is manifested by Perhaps the most pertinent

zero current drain and a positive indi- questio*_ relating to the use of _-!

. cation of the open field. The same is reliabilitydata, and therefore the

" true of the radiator isolation valve acceptance of this approach, relates

since the open coil of the solenoid in turn to the known inaccuracies

would draw no current, associated with the input and data.

" I

11.2.7
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Table 4. RELATIVE FAILURE POTENTIAL, GLYCOL LOOP

COMPONENTS (EXAMPLE)

ORDER COMPONENT HAZARD
RATIO

1. GLYCOLPUMP 1000

2. TEMPERATURECONTROLVALVE 100

3. RADIATOR ISOLATI051VALVE 10
=

_, 4. GLYCOLTEMPERATURESENSOR 1
4
]

OTHERS INSIGNIFICANT
-I

I

I PERFORMANCEi

MONITOR
ALARM

+

!!J' [ CHECKFLOWGLYCOLI

!

J,

REPLACEGLYC(JL *BY DEFINITION THIS IS THE ONLY
FLOWING TEMPERATURE REMAINING ALTERNATIVE

SENSOR*

NO
t CHECK REPLACE

CHECK GLYCOL TEMPERATURE f
PUMP FLOWING CONTROLVALVE FLOWING RADIATORVALVE

NO

J REPLACE PUMPI REPLACE.OT., I s°*--'°i
Figure 4. DIAGNOSTIC ROUTINE, GLYCOL FLOW, PART O£ ECS
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Reliability data is known to be sus- "what if's" the program would never

pect in the absolute realm and, at come tc fruition and the vehicle would

best, good to about one place, even never get off the ground. Practicality

in the relative realm. However, must come into pl_,y, and practicality --

its value in this )articular applica- will be implemented in a technical

tion is more in the relative sense manner by establishing an acceptable

than the absolute, and, further, one- risk level (perhaps associated v,ith

place accuracy provides the miss- the weight limits of the booster) and

ing intelligence. This becomes then designing to meet these objec-

obvious by referring back to Figure rives.

2 where variations in the reliabil,.

ity between Items 1 and 3 r-_nge Two factors influence our confi-

from 0.6 to 0.92, and yet two ISk{'s dence in a given design: the length of

are scheduled for each. Further, _ime the components have bern con-

it takes at, inaccuracy of over an si¢iered state-of-the-art, 01_lified,

order-of-magnitude to impose a or space rated, and the reliability

requirement to schedule an add*- assessment associated with the indi-

tional component for ISM. vidual components. These are,of
mm

course, closely associated, or at

It becomes equalb/ evident for least should be. Given that an accept-

larger inaccuracies provided the able risk level has been set for the

expected reliability is better than mission, and the components usee in

the selected equal risk levul for the design are knewn tc be space-

the function, rated or q._alified, it has been shown

_hat small inaccuracies in the reli-

Where honest doubt exists as to ability estirnate._ have little effect

the component level at which to on the ultirna+e mission reliability of

equalize reliability and the optimum a maintaired systeIT1.

risk, the effects of selecting a

lower risk (l_.igher reliability) The gains to De derived from a

seems to have little effect on the maintainable manned space mission

spares level or the ultimate space- concept are evident. Equally evident

craft weight. It simply adds a few are the gains £o be derived from a

, components to the bottom of the logical deF_gn of the ISM concept,

list to spare and perhaps an extra particularly where performance

: spare for one already on the list. monitoring and diagnostic elements

I_ are to be planned. Logic takes the

i CONCLUSIONS AND place of u_._ssessed chance when

_i CONFIDENCE ASSESSMENT the logic is reasonable, understand-

! able, and implementable. Such is k

While the methodology presented the case for isolating the elusive

herein seems logical, someone is malfunction when the plan pre_jented

sure to bring up Murphy's Law. It herewith is give** serious

I is usually prefaced by: "But what application.
I if . . ." If we accounted for all the
|

!

I

tl.?.9

v

._ m |

1971066602-116



REFERENCES

I. Carpenter, Roy B. Reli-

ability for Manned Inter-

planetary Travel. Presented

at Fourth Annual Reliability

and Maintalnability, AIAA,

Los Angeles, California

(28 Ju'.y 1965).

2. Carpenter, Roy B. How

Big is the Space Flisht
Maintenance Problem?

Presented at the N_ ,onal

Conference on _pace Main-
tenance and Extra-Vehicular

Activity, USAF, Orlando,
Florida (1 March 1965).

3. Thompson, M. Investigation

of the Feasibility of Deter-

mining Failure Mode Occur-
rence Probabilities of Elec-

tronic Component Parts.
IDEP Builetin. Repgrt No.
347.40. 0000-$4-01

(4 July 1962).

4. Carpenter, Roy B. Success
Assurance for Manned Plan-

etary Exploration. Pre-

sented at the Annual Sympo-

sium on Reliability, Institute

of Electronics Engineers,

(IEEE), Boston, Mass.,

(16 to 18 January 1968).

l

11.2.10

J

II I

1971066602-117



SPACE MAINTAINABILITY ANALYSIS
OF THE

APOLLO TELESCOPE MOUNT

Stuart M. Peck

and
Anne B. Folsom

Quality and Reliability Assurance Laboratory

George C. Marshall Space Flight Center
Marshall Space Flight Center, Alabama

SUMMARY: The objectives of this study were through an
anal_'sis of an operational program (I) to verify that the

concept of maintainability in space is feasible, (Z) to deter- _
mine what repair tasks could be performed, and (3) to

evaluate the increase in program reliability attainable by

performing in space maintenance and-repair.

INTRODUCTION Space maintainability, as we
shall call these techniques, should

Long duration manned missions be established as a basic discipline
require the use of many complex upon which designers can and must

systems which must operate properly rely to attain maximum program
from one to several years. Reli- reliability. It is desirable to gain

ability, therefore, is extremely, acceptance and use of space mainte-
important.. It is too costly to attempt nance as quickly as possible. The
to obtain all of the necessary roll- best approach to gain this acceptance

ability through use of product ira- is to verify the space maintenance
-' provement methods. Correspond- techniques on an operational program.

ingly, the use of redundancy to in-
crease reliability is limited by con- PROGRAM SELECTION

sideration of weight, volume, and
system complexity. Failures in One of the earliest opportunities

components and systems wilt un- to implement space maintainability
doubtedly occur during long missions; is in :he Apollo Applications Program

as system operating time increases, (AAP), a series of primarily scien-,
even more failures can be expected, tificmissions, a follow-on tG the

• There is a practical means to attain Apollo man lunar landing program

a maximum probability of mission which will make the most of Apollo

success, as a supplement to using hardware. One AAP payload is the

highly reliable hardware and impos- Apollo Telescope Mount (ATM), a

_ ing tightquality control during manu- system of precision teleecopes for

I facture. This is to provide a cap- making solar observations. The

i abilityfor performing maintenance objectives of the ATM are to acquire

L and repair in space, precision scientificdata on the[
z

I

I
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structure and behavior of the sun 1. Electrical Power - provides

for 56 days and to evaluate man's power to support systems,
ability to perform for an extended experiments, and LM
time in a space environment the

complex experiments necessary to 2. Pointing Control - provides

acquire this data. the orientation and stability

necessary for successful
This mission will require two ATM operation

B Saturn IB launches: one to launch

the ATM, the other to launch the 3. Display - provides monitor-

crew to operate the experiments, ing and control capability of
the housekeeping systems

The NASA-Marshall Space and experiments

Flight Center (MSFC) is responsible
for designing the structure and the 4. Telemetry - provides data

support systems of the ATM; docu- transmission from the sup-

mentation was available early. The port systems and experiments
ATMwas, therefore, chosen for

analyses to determine whether an 5. Command and Communica-

in-space repair capability was tion - provides RF and voice
feasible and, if so, what repair communication between as-
capability should be planned, tronaut and ground stations

SYSTEMS DESCRIPTION 6. Thermal - provides neces-
sary cooling and/or heating

i The ATM includes six experi- for support systems and
4 ments and the necessary support experiments

systems to operate them and to
record and transmit the data. The 7. Instrumentation - monitors

ATM structure is a rack on which and measures parameters

the support systems are mounted of interest of the housrkeep-
with a barrel or canister attached ing systems and experiments
inside t.he rack in which the experi-

ments a.-e housed. An Apollo Lunar Selected Experiments are:

I Module (L,M) ascent stage is perma-
nently attached to the ATM and pro- 1. SO-52 White Light Corona-

: rides a shirt sleeve environment for graph '
the astronaut operating the experi- _
ments. (Figure #I, Artist's con- 2. SO-8Z A & B Ultra Violet

cept of the ATM) Corona Spectrograph

Support Systems on the ATM 3. SO-54 X-ray Spectrograph
are: Tctescope

: 4. SO-83 Harvard College
! Obs e rvato ry

11.3.2
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5. SO-56X-ray Telescope electrical power, pointing control,

display, telemetry, command corn-

6. H-Alpha Telescope 1 munications, thermal and instru-
mentation--we re considered.

7. H-Alpha Telescope 2
As an actual operational payload

The ATM presents three sizable was being studied, itwas desirable

limitations to the implementation of that the analysis be comple ted prior

: an in-space repair capability. First, to finalization of design and begin-
all ATM systems are exposed to the ning of hardware fabrication. It was

space environment; therefore, any also desirable that the analysis con-

repair must be an extravehicular centrate on tasks which could most

activity, requiring the astronaut to feasibly be performed and on repair

perform all maintenance in open which would contribute most signifi-
space, hampered and protected only cantly to the success of the mission.

by his space suit. Second, the con-

ceptual design was complete; prelim-, Initially, therefore, each system
inary design was far advanced; in was evaluated by four criteria to
some cases, hardware procurement decide whether a more detailedi

i contracts had been let. Third, the analysis should be performed. These

ATM had been designed to obtain the are (1) Mission Criticality, (2)Astro-

required program reliabilitythrough naut Safety, (3) Minimum Design

: redundancy, not through maintain- Modification, and (4)Supporting

i ability in space. Development.
l

; Besides these inherent limita- Mission Criticality: Criticalityis
lions in the ATM, an additional determined by the impact a real-

limitation was placed on the selec- function has on the mission. If

tion of repair tasks. Not only must a malfunction of an item will result
:: the task verify that repair in space in loss of lifeor personal injury,

i is feasible, but the task must also the item is placed in criticality cate-
1

significantlyincrease the probabil- gory I. Ifa malfunction of an item

i ity of ATM program success, will result in an abort or major
degradation of mission, the item is

ANALYSIS placed in criticalitycategory 2.
All other malfunctions will result in

#

Under these L,.aitations,a the item's being placed in criticality

, space maintainability analysis of category 3. No items on the ATM

the ATM was begun. The experi- are rated in criticalitycategory I.
ments were not considered in the Only items rated in criticalitycate-

analysis because the location of the gory 2 were considered in the analy-

i experiments inside the canister sis. As the components of the dis- I

made the experiments' accessibility play and instrumentation system

i to a pressure suited astronaut diffi- were classified in criticalitycate-

i cult. Only the support systems-- gory 3, these systems were not
t

i
I

il.3.4

!

\

1

q

1971066602-121



considered for repair, used to collect the data for each

system to the black box or compo-
Astronaut Safety: Maintenance and nent level. In some cases the design

repair tasks which would subject had not progressed to the point that
the astronaut to significantly greater the data was available.
hazards than the inherent danger

involved in performing the original After the matrix had been filled

ATM mission were excluded. This in, the data was an__Iyzed individu-

criteria caused two subsystems in ally and collectively by a group of
the electrical power system to be engineers familiar with the systems

excluded, and knowledgeable of the environ-
ment and conditions under which the

Design Modifications: Design for repair would be performed. This

repair must not require changes analysis determined (I) qualitatively,

that would affect the operation o," whether the probability that a mal-

function of a component. Only rood- function resulting in an abort or a
ifications such as a change in major degradation of the mission

fasteners and connectors, instath,- would occur was sufficient to justify
lion of handles, or rounding sharp planning for in-space repair, and

corners would be allowed. {Z) whe.her the needed repair could
be feasibly performed by an astro-

Supporting Development: Deveicp- naut. As an aid in determining re-
ment is required techniques or hard- pair feasibility, a detailed procedureware which have not evolved or are

was formulated enumerating step by
still in the concept stage. Any de- step each action of the astronaut for
velopment must be accomplished at each task under consideration.
a minimum cost, as an in-house

activity, and without impacting the As a result of this analysis, a .m
schedule, preliminary selection of repair tasks

was made. Table 1 lists the tasks,

As a result of applying these the modifications needed on the corn- i

: criteria, the electrical, pointing ponents and on the ATM structure,
control, and telemetry systems the number of disconnects to remove

were chosen for detailed considera- the item, the estimated additional

lion. Loss of the electrical power weight, and the required develop-
system and/or pointing control ment.
system will abort the mission.

Loss of the telemetry system wiU Further _valuation of the repair
result only in loss of data. The tasks listed in table 1 narrowed the

level of repair to be considered selection. Tasks lish l in table 1

was black box replacement; to per- which were eliminated are replace-
form lower level repair as an extra- ment of the distributors, manual

vehicular activity is impractical, switching to Lhe redundant control

computer, and replacement of the
The matrix, figure Z, was digital computer. The replacement

|

i
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ATM SYSTEM. SUB-SYSTEM

ITEM, I EFFECT PROB. IIS ITEM IS ANOTHER ITEM LOCATION]DESCRIBEIHOwIS ITEM
OF |REDUNDANT? DOES A/AILABLE TOBLACKBOX, | OF ACCESSI- OR

COMPOHEHT_FAILURE F:AILURI_REDUHDANCY REQ !PERFORM BILITV CONNECTED
|ASTRONAUT FUNC¥1ON? iELr CTRI-

i IACTION? HOW PLACED IN CALLY
..__ [I[F _iO WHAT? SERVICE? . ,MECH

LT

: TOOLS& EQUIPMENT REQUIRED SPARES REQUIRED TIME .(KILLS HAZARDOUS OTHER
FORe ACCESSw ISOLATIOHe TO PERFORM REPAIR REQUIRED I'EQUIRED CONDITIONS

" REPAIR n AND ro PERFORk. "O PERFORJ4
CHECKOUT. .TASK r.,SK.

l.: WT.'TSIZ E WWW_,SIZE

t
i

I
1

! I

I
t s

I
i i

Space Maintainability Analysis Matrix
!

Figure Z

l

!
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of the distributor was eliminated RESULTS
because of the difficulty in deter-

mining why a protective device failed. Four repair tasks considered

Manual switching to the redundant feasible and worth implementing are:
control computer was dropped when

a design decision was made to per- L. Replacement of the charger-
form this function automatically, battery-regulators (CBR)
_teptacement of the digital computer

was eliminated because the function Z. Capability to jumper between

of the digital computer could be a solar panel and a CBR
performed in a degraded manner by (figure 3)
the astronaut and because the proba-

bility of failure of the computer was 3. Capability to jumper between
lOW.

$ '_ %/N/' CHARGER- "_/ "" -

j SOLAR _ 4>,_%\iREGULATORBATTERY"z-,SUPPLY /-_ ) ",/': "'"
'( " e--_,J ,-_ > x x >:,×"','_ ._.,:, _:.

_>c MALFUNCTION"./",' ,.

I

JUMPER CABLE
INSTALLED BY ASTRONAUT

|
1

I "w - ORIGINAL CABLE

j _, _ x_, _,._._.,_ DISCONNECTED

>_Z"SOLAR'_'_:I. _ ._ I

• MALFUN CTION','_ " _/

(
1
t

A repair of two power supply circuits that have different malfunctioning
units is shown. Result of repair is to place back into operation an

equivalent of one p Jwer supply circuit. The example depicts the situa-
tion of a malfunct':oning CBR and a malfunctioning solar supply. Combin-
ing the good units provides one operational power supply circuit.

;

!

JumFer between Solar Panel and CBR

Figure 3
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two major units of tn_ CBR. Each CBR is approximately
{This task was later elite,i- 21 x 17 x 4 inches, weighs approxi-

hated for consideration mateJy 87 pounds and consists of

because necessary desig.1 a battery and the electronics to

changes were more exten- recharge the battery from the solar
sive than anticipated.) source, to provide a constant power

{figure 4) output to the load, and to monitor
the CB_. operation.

4. Replacement of the tape
recorders. The recorders The CP_'s are the heart of the

are an item of the automatic power syslem. The original design

storage anJ playback unit, consisted of 24 CBR's of which only
a telemetry sub-system. 18 were required for successful

CBR #1 CHARGI_R ..... _'-- BATTERY ...... LOAD I

SOLAR

SUPPLY CTION_

CABLE\
LONG JUMPER \ JUMPER CABLES

CABLE INSTALLED / PART OF NORM,_L

BY ASTRONAUT ATM HARDWARE

SHORT
JUMPER
CABLE

SOLAR L "_

SUPPLY FUNCTION
#2

• CHARGER // LOAD
CBR #2 ,/V' _/ 'x /,, " BATTERY , REGULATOR

A repair of two CBI_s that have different malfunctioning circuits is shown.

l_esult of repair is to place back into operation an equivalent of one CBR. _|,
The example shown depicts the situatica of one CBR having a malfunctic-tng
charger circuit which places entire CBR into at. inoperative state and a

second CBR that has a failure in the battery. Combining the good parts
of each CBR results in providing power to supply ATM load,

t Jumper between Major Units of CBR

Figure 4
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operation. The additional CBR's (2) to provide on-board spares.

were designed-in redundancy in
case one or more malfunctioned. VALUE OF SPACE MAINTAINABILITY

Because the weight of the ATM What is the value 3f the recom-
had to be reduced, and space was mended repair capability in terms
not available on the rack to mount of increased probability of program

all the required components, the success? To determine this value,

number of CBRs was re_:_ced from a reliability eva]uat_.on was per-

24 to 18. Therefore, the original formed. Figures 5 and 6 and table

designed-in redundancy no longer 2 depict the b,n,;fits of space main-
exists. At present, at least 16 tainability.

CBRs must operate. If the power
requirements increase, all 18 CBRs Figure 5 shows the probability
(no redundancy) will be required for of both 18 CBRs al =1"16 out of 18

the ATM to operate successfully. CBRs operating for 22_, days with

The probability that all 18 CBRs will and without the capabi'ity of replace-
operate for the 56-day mission ._s merit during the mission. The level

: _.pproximately three percent. The of probability depicted in figure 5--

t power system is mission critical-- that all 18 CBRs or 16 out of 18
the successful operation of all other CBRs can be maintained in operating Wr_

systems depend on the proper opera- condition by replacing a malfunction-
tion of the power system, ing unit is based on two spares being

available. If more than two spares

The tape recorders are not a are available, the level of probabil-
mission critical item. Their loss ity car be raised. A third spare
will not result in the loss of the almost doubles the level of probabil-

mission, but will result in the loss ity that 18 CBRs can be maintained

of support systems and experiment in operation for Z24 days. The
d-ta. Past history indicates that checked area indicates the increased

tape recorders have a high probabil- probability of all 18 CBRs operating _._

ity of failure. Because the tape if replacement is provided, whereas
recorders are not mission critical, the striped area indicates the in-

replacement should be considered creased probability of 16 out of 18
only if the capability to replace- the CBRs operating _,f replacement is

CBRs is to be provided. The devel- provided. If resupplv of spares is

opment of the tools, equipment and available on a periodic basis, a
techniques necessary to perform the desired level of probability can be

repair cannot be justified to replace sustained indefinitely. If every 60

only the tape recorder; 10ut, if the days the supply of spares can be
CBR's are to be replaced, then the replenished, the probability that all

only additional requirements to "e- 18 CBRs will operate suc=essfully

place tl_e tape recorders are (1) to for Z24 days is the same as for 56
mount the recorders to be easily days. Without the repair capability,l

i removabte bv an astronaut, and the probability that all CBRs wilt

}

i
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' operate for even an additional 60 the necessary weight is estimated

day is nil. at Z50 pounds on the ATM and 400
pounds on some other element, prob-

In figure 6, the striped and ably the Multiple Docking Adapter.
checked areas show the gain in This means a trade off decision

reliability of recorder operation between the gain in reliability through

utilizing the repair technique with in-space repair and the extra weight
I two and three spares available, which must be placed in orbit to

respectively. As the reliability of implement the repair.
the recorder to be used on the ATM

was not available, table Z was pre- REPAIP_ SIMULATION

pared giving the reliability for 56,

I12, 168, and 224 days for a given Mock-up of an ATM panel and •
mean t_.mebetween failure (MTBF). of a mobile work station were con-

structed so that removal and replace-|
! Although repair may significantly ment of a CBR can be simulated with
i increase the probability of program a five-degree-of-freedom simulation

success, the capability to perform under shirt sleeve and space suitI
inspace repair requires additional conditions. The objectives of this

i weight. For the three repair tasks simulation are (1} to check clear-

considered feasible on the ATM,
i

1 ACTIVE, 1 REDUNDANT, 2 SPARES
1.00

°90

ACTIVE, 1 REDUNDANT, 1 SPARE

.80

.70 1 ACTIVE, 1 REDUNDANT

.60"

ul
t- .50

O_ .40 -

.30-

.20-

.!0-

0 .10 .20 .30 .40 .SO .60 .70 .80 .90 1.00

R (OF ONE RECORDER)

Probability of Successful Recorder Operation with repair capability

Figure 6
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RELIABILITYVS.MTBF I

DAYS DAYS DAYS DAYS
MTBF(HOURS) .... 4'

R(56) R(112) R(168) R(224) t+

--'-- I00- ..... 1.45XI0"6 -2.i_iO :I-_ -3.04X_,0_I_" -_4_2X-10"-2'4-_i_

ti- 2()0 + + 1.21X10"3 1.4+5X10f6+_1o76X_1_0_"9 2.10X10"12

I____ 3°° +- + '-_I__xio-2 i_2'x'o'' '.'Sx'o'6 '.-s'x'o"........

-40+-0............ 3.47xi0 .+2 1.21x10-3 4.19x10-6 1.45xi0""
500 r- .068563 .004701 .000322 .000022
600 .106459 .011334 .001206 .000128
700 •146607 .021493 .003151 .000462
800 .186374 .034735 .006474 .001207

_______900 .224625 .050456 .011334 .0025461000 .261846 .068563 .017953 .004701
Ir

;J ii 2000 .511709 .26IB46 .133989 .06B563

it+ooo +,o ,o.,+++ ,+
!_. 4000 .714632 .511709 .364961 .261846

5000- .764300 .584154 .446469 ,341236

If- i _
Reliability vs. MTBF

Tabel 2

ances for removal of CBRs, (Z) be developed to select the most

determine optimum work position of meaningful repair tasks and to assure
the astronaut at each location, (3) that the capability to perform these

to determine the best position of the tasks will exist during mission opera-

mobile work station at each location, tion. To accomplish this, space
(4) to assess the difficulty of remov- maintainability should be established

ing the bolts under zero G in a space as a program requirement from the
suit, and (5) to determine the use- design concept phase through mis-

, fulness of a specially aeveloped tool sion completion. Documentation +.
: in removing bolts. These tests have should be developed setting forth

not yet been performed, space maintainability program pro-
visions necessary to carry out this

CONCLUSION requirement. A document, "Space

i _ Maintainability Program Provisions, "
Space maintainability can is under development to establish

: greatly augment the probability _f common requirements for applying
program success. Therefore, this technique, for selection of re-

space maintainability is a technique pair tasks, and for implementing
' on which design must and should the selected maintenance and repair.

, rely. But if design is to rely on
this technique, then a means must This study of an operational

i
' 11.3.13 •
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program has provided insight and

knowledge =s to the problems, tech-
,i niques, and procedures for imple-

menting space maintainability into

future programs. However, the

i most important contribution is a
i verification that program retiability

can be sigi.ificantly increased, from

i I0 to 30 times or more, through the
[ use of in-space repair and mainte-
_ nance.

i

!

!

!
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HUMAN WORK PERFORMANCE IN SPACE

Otto F. Trout, Jr., and Paul R. Hill

NASA Langley Research Center
Langley Station, Hampton, Va.

SUMMARY: Methods of manual performance of extra-
vehicular and intravehicular work in space are being
investigated by means of simulation techniques in order
to develop locomotion and restraint aids, equipment
design data, and manual task procedures. Simulation and
flight experiences to date have provided insight into
problem areas for application to maintenance, repair,
and assembly tasks during space-flight operations.

INTRODUCTION

How does man accomplish use- supported by the actual EVA
ful work in space, what are his flight experience of the Gemini
capabilities, and how do we design program. Simulation techniques,
spacecraft systems for the effi- especially neutral buoyancy, have
cient performance of manual given us a powerful tool for the
operations under weightless condi- detailed c::amination of many
tions ? In order to answer these EVA and IVA operations and have
questions, NASA has been con- furnished valuable insight into
ducting advanced research and human work performance in space.

' development on man's EVA and
IVA capabilities. Conceptual4

studies of future space vehicles ANALYSIS AND DATA
have also indicated that the eco-

nomical accomplishment of Two major factors degrade
extended flights requires a thor- the astronaut's ability to work in

, ough understanding of human work space: first, the lack of traction •
performance as well as engineer- due to gravity and, second, the

_t _ ing data on man's biomechanical reduced mobility, dexterity, and

t :" capabilities, physiological limita- tactility caused b_ the pressur-

I tions, energy expenditure, and life ized suit. Considerable prog-support requirements. Therefore, ress has been made in providing
[ _ in support of future missions, traction and developing new
t human factors research has been operational procedures through

in progress for several years, the use of simulation techniques.%

Ii Progress indevelopingmoreData are being developedby the
use ofsimulationtechniques

III.I.I "
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suitable pressure suits for work- Body attitude in yaw and roll are
ing in zero gravity has been slow. then controlled by simultaneous

, application of force with both
, Traversal to the worksite is hands. Better control of rotation

necessary at the beginning of any about the handrail ca_ be
EVA task. Figure 1 shows a achieved if its cross section is
pressure-suited subject making oval or rectangular rather than

, egress through a transparent circular. Locomotion proce-

} model of a space-vehicle air lock dures which proved successful
during neutral-buoyancy tests, during the neutral-buoyancy

i Ingress-egress operations through simulation training were equally
air locks with various length- successful in space. "Where
diameter ratios have been investi- handrails can be provided for

i gated to determine performance traversal about the exterior of
envelopes and modes of operation, the spacecraft, they are superior

i Locomotion and turnaround in the to reaction propulsion devices,
air lock are accomplished by which are less efficient and

: bracing between surfaces, require storage and preparation
Figure 2 shows the experimentally outside the spacecraft.

i derived length-diameter perform-
ance envelopes between possible Two approaches are available
and impossible operation with the for the performance of work
suit configuration shown in tasks. One is to place the
figure 1. astronaut in a coplaner orbit,

provide him with a reaction pro-
Means of locorr.u_ion about the pulsion unit for maneuvering,

exterior of the spacecraft have traversing, and materials
been investigated, including transfer, and provide him with.

magnetic shoes, Velcro foot pads, torqueless tools for his opera-
d ladders, handholds, and single and tions. The second approach is

double handrails. Traversal by to provide him with adequate
means of handrails has proven traction to accomplish the task
more practical than the other in place.
methods investigated but is not
without difficulties. Figure 3 For certain tasks, only a

, shows the astronaut traversing small amount of traction is
along a handrail under water in necessary. Figure 4 shows a
preparation for the Gemini XII test subject assembling compo-
mission. Operations of the nents of an antenna while
subject with his body parallel to operating from a semi-free-
the handrail were complicated by floating laode. Light tasks not
a tendency to rotate about the requiring sustained application
handrail and by difficulty in main- of force can be performed effec-
taining body attitude parallel to it. tively in this manner, since the
In this case the procedure devel- subject can intermittently
oped was to operate with the body correct body attitude and tra-
perpendicular to the handrail, verse by grasping elements of

111.1.2
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the structure. This method has tether have been tried. Rigid
the advantage of requiring no waist tethers are generally less
other means of traction, but a advantageous than the flexible
safety line is necessary to prevent straps since they restrict move-
the subject from drifting from his ment about the worksite and are
worksi_e. By slow and deliberate bulkier to carry.
operations, the astronaut can
minimize the loads imparted to Neither of the working modes
the structure. Thus, it may be previously described are satis-
possible for him to assemble factory if it is necessary to
lightweight structures in space apply large sustained forces.
which would not be able to Stronger, more rigid restraints
support their own weight on the are then necessary. One solu-
ground, tion is to restrain the feet in

some manner to approximate the
Where greater traction is standup working mode at earth

required for the application of gravity. A number of different
moderate forces or for the inter- restraints have been investi-
mittent application of large gated, including Velcro foot
forces, the astronaut's body must pads, foot stirrups, toe traps,
be restrained in some manner, ski footholds, and rigid foot
Figure 5 shows the Gemini XII restraints. Figure 6 shows the

_ astronaut using a ratchet wrench use of the familiar "Dutch
on a bolt during neutral-buoyancy shoes" on the final Gemini
tests while, restrained with a mission. This type of restraint
double waist tether similar to a allows the astronaut to apply
window washer's belt. While large sustained forces or work
using this restraint, he corrects freely with both hands on more

, body position by grasping a fixed intricate tasks. He is able tot

i object or handhold and by con- control his movement backward
tacting the surface of the space- for 90 ° and to either side for
craft with his hands and feet. 45° . However, he is restricted
This restraint system is not to a fixed worksite. Weightless-
practical unless the astronaut can simulation experiments have
contact the spacecraft wall with indicated that the traction pro-

' his hands to control the pitch vided by this restraint system
attitude of his body, and is not enables a man to manipulate
suitable for tasks requiring the masses up to several hundred
use of two hands on a c¢,ntinuous pounds. This restraint system,
basis. Excellent corretation was however, has the disadvantage
obtained with the neutral-buoyancy that it must be moved each time

i simulation of the task and the the worksite is changed or else
_ Gemini XH flight, since move- an additional set of restraints

' l ments are sufficiently slow to be must be provided.
| influenced very little by the damp-
i ing effects of the water. A The concept of a stationary

number of variations of the waist worksite i.q illustrated in

III.I.3
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figure 7. The astronaut assem- 150-pound mass by this method.
bles the components of _ major A better, but not entirely satis-
structure from a fixed work plat- factory, technique is for the
form. The structure is manipu- subject to carry the mass on his
lated to new positions and back. Figure 10 shows a
reattached to the worksite as summary of energy expenditure
necessary to continue assembly, measurements during typical

, transport tasks, derived irom
i For even larger assemblies in portable metabolic measuring]
! space, components could be equipment carried in the back-

managed from an articulated cage pack. Similar measul _ments
similar to a "cherry picker." are being made on various EVA

" Figure 8 shows experiments with tasks to determine theJ

i a cage type of system from which workloads.
i the subject was able to work effec-

tively under simulated weightless Since all but a small percent-
' conditions. He braces himself age of the astronaut's time will

within the cage and is restrained be spent inside the spacecraft,
: by a waist tether which prevents research is being conducted on
, him from floating out. the various IVA work tasks.

.During IVA the astronaut's capa-
Experiments in weightless bility and dexterity will be

simulations and during the Gemini greatly improved if he is not
flights indicate that most common required to wear a pressurized
handtools can be effectively used suit. Floating away from his
if they can be manipulated with the worksite will be less of a
pressurized glove and if suitable problem if the walls and equip-
restraints are used to provide ment are close enoagh to provide
traction. Means of retaining both traction.
the tools and fastening devices are
required, and therefore the The principles for manual
number of tools and parts should performance of IVA tasks are

. be kept to a minimum. Experi- similar to those for EVA work.
ments with captured quick fasten- Figure 11 shows a neutrally
ers and self-alining devices buoyant test subject free-floating
indicate that the assembly time while working in the interior of
can be reduced by a factor of up a mockup. Many light short-
to 10. duration tasks can be performed

by this mode of operation.
The transport of large and bulky Conveniently located handrails

masses has been explored by and closely spaced walls enhance
simulation techniques. Manual the astronaut's ability to
transport of masses while tra- locomote, maneuver, and main-
versing on a handrail is difficult tain his work position. The
because both hands are required free-floating work mode is not
for locomotion. Figure 9 shows suitable for tasks requiring
.e test subject moving a sustained forces or for intricate

Ill.1.4
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tasks requiring the use of two Figure 15 shows the IVA test
hands simultaneously, subject going through _.n exer-

cise routine while suspended by
As illustrated in figure 12, the a waist tether stretched between

use of the waist tether for IVA two walls. This method of _
did not have any advantage over exercising in a -_'eightless state
the free-floating mode when trac- has the advantage that only minor
tion could be attained _y contact- disturbances are imparted to the
ing or bracing against interior spacecraft, even when the exer-
wails. Small rooms or compart- cises are vigarous.
ments are advantageous in space-
craft since they aid in working, The use of tools in IVA tasks
traversing, and maneuvering, is similar to t_,at in EVA except
Utilization of cabin space can be that they are easier to manirm-
more efficient than under gravity late without the pressurized
conditions since the astronaut is gloves. £oolv and objects within
not restricted to an upright the cabin need to be retained
position, whe_ not in use but need not be

tethered as in EVA, sinc," they
For lengthy IVA tasks at a can be recovered.

fixed worksite or for intricate
tasks requiring the simultaneous
use of both hands, foot restraints CONCLUDING REMARKS
have proven advantageous.
Figure 13 shows a test subject Since each man-hour in space
using a set of flexibte rubber toe will cost thousands of dollars,
traps while working at a bench, it is necessary that human
This mode allowed him to work factors data be made available

on intricate tas..s with a dexterity lo the designers in handbook
simiiar to that at earth gravity, form, task procedures thoroughly
Velcro foot pads were not satis- developed and rehearsed,

_ factory because they tore loose support hardware tested, and
f
! when the subject leaned backward time lines developed by simula-

i and tried to right himself, tion techniques well in advanceoi the space flight. In addition, "

t Figure 14 shows the subject the astronauts should be trained
! working at a control console through the use of simulation ,
I while seated in a chair with a techniques to complete each
! safety belt during simulated assigned EVA and IVA
t weightlessness. This mode was operation.
I
I satisfactory for working at a
' control console for long periods A 4-minute movie will be
• _ of time provided the controls were shown to illustrate some of the

i within his reach. In addition, tasks that have been discussedintricate as sembly- disassembly in this paper.
operations on small equipment can
be accomplished in this mode. "-

III.I.5
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FiEure 9.- Waist restraint. Figure 6.- Foot restraints.
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Figure 15.- Exercise mode.
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THE MECHANICS OF WORK IN REDUCED-GRAVITY ENVIRONMENTS

E. C. Wortz, Ph.D.

GarrettlAiFt=search_ Department of Life Sciences

Los Angeles_ California

SUMMARY: Research data on weightless and lunar gravity

performance are considered on a single continuum of
reduceo traction. Apparent contradictions in the
effects of reduced gravity on upper torso work and loco-
motion are resolved. It is concluded that reduction in

traction systematically reduces the efficiency of work

for all reduced-gravity conditions.

INTRODUCTION the effects of these environments

on _nergy expenditures indicate a

The thesis of this paper is that corresponding increase in the meta-

work at reduced gravity is a con- bolic rate for tasks performed in
tinuum of effects that are consis- simulated weightlessness and other

tent from earth gravity through levels of simulated re4vced

lunar gravity to weightlessness, gravity. 4,1°_=j On the other hand_
Consequently_ the problems of work results of research on energy

to be expected at lunar gravity or expenditures at various levels of

weightlessness can be elucidated by reduced gravity Iz-ls conversely
tests at other levels of reduced indicate a reduction in metabolic

gravity 3 as well as by simulation rate for walking at simulated lunar
of the anticipated gravity condi- and other subgravity levels. Walk-

tions. Since neither lunar gravity ing_ loping_ and running tests

nor weightlessness can be simulated during simulated lunar gravity Is-zz
with perfect fidelity_ the finding confirm these metabolic observa-

i of systematic effects with reduction tions by demonstrating improvement

in gravity adds confidence to the in these activities.

general effects that might be pre-
_; dicted. The results of these experi-

' ments are summarized by Prescott

The space walks have demonstrated and Wortz =l and Wortz and Prescott Iz

; that human performance capability in and are presented in Figure I. As
space is dramatically different from shown_ energy expenditures for a

that on earth. In general, the given upper torso task are system-

astronauts have observed that tasks atically increased as the level of

in weightlessness aJe significantly simulated gravity (i.e._ traction)

more difficult than they are on is reduc'.d. When no external work

earth. Terrestrial studies using a is involved, howeverj as in the

variety of simulation techniques case of calisthenics_ reduced trac-

have yielded similar findings. The tion does not affect metabolic rate.
effects of reduced gravity and On the other hand_ the energy cost
reduced friction environments on of locomotion is systematically

human performance are generally to reduced when traction is reduced.

reduce work capabilities and increase The systematic increase in energy

; task times. _-_° Tests to determine expenditure for upper torso work

i11,2,1
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cannotbeaccompsheorasuopemental source must be found for the

counterforce. In reduced-gravity

environments_ a supplemental
= counterforce is supplied by several
__ means. The most common t_chnique

for both l-g and weightless situa-
= tions is to use one arm to accom-
M

i plish the task and the second armto transmit the reactive force to

a load-sustaining object, e.g._
the spacecraft. Other means of
accomplishing this load transmis-
sion. as reported by Wortz_ et
al_ i_ are by ,,sing various tether-

s -70 I I I I ing systems, wedging the body into
112 I/I F/6 ill

an opening_ and using the
LEVEL_S_T[O_ ,-,n,, skeletal structure in combination

i

: with a tether in the "lineman's
i FIG. I METABOLIC RATES FOR VARIOUS posi tion."

TASKS UNDER SIHULATED

REDUCEDGRAVITY The energy balance for upper
torso work under all tractive con-

ditions may be expressed by theas traction is reduced and the
decrease in total energy expenditure equations below.
for Iocomotic,, at reduced gravity
are seemingly contradictory. 6Qm(E) = O_v

orDiscuss i on

A simplified view of the mechan- + Qs + Qn
ics involved reveals that the major

alteration occurring in reduced- where 2Q_n= metabolic cost of
gravity environments is a reduction work
in traction. Traction is partially

reduced under lunar gravity condi- % _- amount of energy
tions and completely eliminated in u_ilized in perform-
weightlessness. The functional ing useful v_rk
utility of traction in performing

work is.as the primary source of %c = energy spent in
the counterforce (counteractive or supplying the counter-
reactive) during work. If the active force
counterforce is reduced, then,

according to Newton's third law_ Q_r = energy required to
the amount of work that can be restore the body to
accomplished must also be reduced, the prework position
If the task is constantj however_

and the tractive environment is Qs = energy stored as body
altered to a point such that the heat
normal counteractive force supplied

by traction is less than the work Qn = net heat lossto be done_ then either the task

111.2.2
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Consequently, as tractioo is TABLE I
reduced for a given task, the mus-

cular energy required to supply the TYPICAL MEAN VALUES OF MAtask/M Rcounterforce must increase to main-
tain the mechanical conditions

necessary to accomplish the work.
In other words, the total energy Typ, o_Rc,trai,,

requi red to accomplish the same _-_;_ _0_t c_-,_ _oo_ c,g." Re,tralr _ Restraint Restralnt

task is increased as traction is T._ T_T_,... s;,,gJ_st,_, s_,_g_s,_._
reduced. Since the efficiency of

work is E = Qw/AQm, the efficiency t..... _,,/_,_ 0_ 0._s ,.00

of work is reduced as traction is t

reduced. .,h._.f, trarque O. _-_ O. III O. 15

_l_ lorq_e 0.,_7 l.O_ 0.76

In the investigation of prob- _o,:. to..., 0.,9 0.,z o._

lems of working in weightlessness,
an experimental advantage occurs in

that it is relatively easy to

measure the action and reaction The alteration in metabolic
energy involved under these condi- rate for the accomplishment of a

tions as compared to that under given task in weightlessness should
earth gra¢ity conditions. In a reflect the additional energy

current program for NASA under Con- required to supply the reactive
tract NAS 1-7571, AiResearch has force by means of the musculo-

instrumented task equipment to skeletal system over and above the
measure the energy level involved energy required for the task

in the action and instrumented itself. The appropriate design of
various restraint systems to measure tethers and restraint aids to
the energy seen in reaction. If we-- transmit t.he required reactive
divide the action energy_ HA' into force_ however, should result in

o.

two pertion_s--that involved in use- metabolic levels that are no higher

fui work_ MAtaskP and that consumed than those for earth gravity condi-_ tions. When aids are not available

, otherwise, MA --and compare for the transmission of the neces-
other sary counterforce_ the work cannot

; MA to the reactive load M'--R,we be done. For example, Wortz 23
,. task reported that subjects at simulated

have a method of evaluating tasks lunar gravity conditions could not

i and restraint systems. If MAtask/ exert a lateral force of IS ft-lbwhile pulling a cable to lift a

& •= 1.00 for a given task in a weight.
I

i restraint system, the work is bei_ng With respect to locomotion in

- efficiently performed if MAtask/M R1 reduced gravity cnvironmer, t_ sev-
eral parameters such as gait. sur-

< 1.00; there is work being per- face characteristics_ ard limb

I formed that is not part of the task_ segment velocity are relevant.
! and the task or restraint is ineffi-

cient. Table I illustrates some of Figure 2 presents data on energy

the data obtained under this pro-

! ._ gram.
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o=NASI-7053-1NCLINEDPLANE 3000 requirements at I/6 g. This

12- SIMULATOR%G ,_omewhat i ndi cates the preferential

1]- o=REF 12ZI6G]OSUBJECTS _p 2500 tradeoff for mobil i ty over weight

]0 _,=REF ]4 I/6G6SUBJECTS /IGWALKING at I/6 g.

..0.0 :F
L- c = REF 24 IO / 1| RX-2

7 i / 1/6 G WALKING P G-2C -- 2500
/ AND RUNNING 1500 1

I ,,s I C
_- / -- /jl._, -L-

', c.,5 z //" _ - 2000

• 8i-
G WALKING i,-

o =_ ...,, ASL

I I I I I l_ I I '. I I I I00 "_

0 1 2 3 4 5 6 7 8 9 10 11 12 13 m° 41 - 1000
-_ VELOCITY, ICJ_'l_ _

' 0 1 2 3 4 5 6 7 8 V_-._ _ G2C NASA 1-7503
VELOCITY, MPH ,_ 2 ,m,,,_,--ILC REF 25 -- 500

! _._ ASL REF 14
_- -- I---_MARK IV REF 20
: FIG. 2 ENERGY COST OF WALKING AND

, l , l , I ,
z RUNNING IN MUFTI ON THE o 1 2 3 K/t/HR
•_ HORIZONTAL AT I AND I]6 G

l i l I =I' ' MPH

': expenditures for locomotion while o VELOCITYI 2 .... _J

wearing street clothing at I g and
at simulated lunar gravity (approxi-

mately I/6 g) in various simulators. FIG. 3 ENERGY COST OF WALKING AT
I G IN A PRESSURIZED SUIT

It is apparent that the energy
ON THE HORIZONTAL

expenditures for lunar gravity are
substantially lower than i-g walking
data indicate. Figure 3 presents a 3000

summary of the data taken from n2--0= KUEHNEGGERNAVYMKW.INCLINEDPLANEO = AIRESF..ARCHRX-2.INCLINEDPLANE

studies of w_Iking in pressure suits iI-O=AIRESEARCHRX-2.GIMBALI6-OOF) /
A = AIRESEARCNASL.INCLINEDPLANE / 2500

: at I g. If these data are compared t© O=AIRESEARCHG-4-C. INCLINED PLANE B/ •
-- • = AIRESEARCHASL.GIMBAL(6-OOF) _

: wi t h t he I -g s h i r t s ! eeve wa 1k i ng = -- • = AIRESEARCHG-4-C.TOSS(6-ODe) .,_
' data_ the enormous penalties of the ; _ "_'--6SUBJECTS-aGOG

-- /o NA$ 1-7053

apparent. For example_ at 3 km/hr_ _ • 9-'"" - nsoo_,
the metabolic cost of walking is _ - " CVREfZO ,-,

approximately 2.5 kcal/min. With _ -- _ /o ×_K_--6SUBJECTSREFI4 _ m

pressure suits_ on the other hand_ _ o :f//_ -
__O -- _ _,/_./ %--6 SUBJECTSREF 14 lO00_

the cost varies from 5.5 kcal/min _ j_ ._E._ 6:_s_Zu::::::C,E:::

f14
to 10.5 kcal/min_ depending upon • _ _ SOD
the suit worn. At conditions of

simulated gravity, Figure 4 howuver_
I l I i t I t I I I I I nOD

the metabolic cost for lc,comotion in z z _ ,, s _ _ _ _ zo _ ,_ _3
pressure suits at _ km/hr is reduced VELOCITY'_KM/HRi t I_ l I ,I I I I
to a range of 2.8 to 4.6 kcal/min_ 0 _ z a _ _ _ 7VELOCITY"_-MPH _.,.

depending upon the suit worn. It is
interesting to note that the RX-2

suit_ which had the highest metabolic FIG. 4 ENERGY COST OF WALKING AND

cost at I 9 due to its substantial RUNNING AT I/0 G IN A PRES-SURIZED SUIT ON THE HORI-
weight_ has one of _e lowest energy ZONTAL
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Thus a simp ]ified view of •REOUCEOG,AVZTYSZMULATXO,

wal king i n reduced gravity may be o REOUCEDGRAVITYSIHULATIONWITHWEIGHTS
to consider the task as being analo- m_0 TORETURNTHESUBJECTTOIG

U NUMBER IN BOX INDICATES POUNDS OF WEIGHT

gous to carrying weights whi le walk- CARRIEDBYA 16.5LBSUBJECT
ing. As gravity is reduced, the .6o |
weight carried is consequently
reduced_ and the energy expended for ._'4°M

the task is similarly reduced. An o_ l_]Ls_-]

effective method of testing this _,2o [_
concept is to reduce traction, simu- _ _.. 7__--'

latTng reduced gravity, and to add _ ._

weights to the subject to return him _-z0 "
to l-g wcight. This was accomo _
plished in a series of company- _ _.

funded tests at Garrett/AiResearch _-40 _. "---.q._
with the six-degrees-of-freedom net -60

suit simulator previously ,_ J/z_ J/4,- 1/60
reported. ' I, i z The independent SIMULATEDREOUCTIONINGRAVITYs-,z2o,
variables were levels of simulated

traction_ the walking velocities, FIG. 5 METABOLIC RATES FOR A 4.0-
MPH WALK AT SIMULATED

and the weights that the subjects
carried. The subjects were placed REDUCED GRAVITY, WITH AND
in the simulator and allowed to WITHOUT WEIGHTS

stand on a scale_ while counter- producing walking metabolic rates

weights were added until they were that are lower at reduced gravity
at the desired level of traction_ than at I g.
as indicated by the reduced weight

on the scale. Lead weights were Similar data were found in a

attached to the subject for the current NASA program, "Man's

weight-carrying tests. The mean Physical Capabilities on the Moon,"
values of metabolic rates for IO under Contract NAS 1-7053. A por-

subjects were then ascertained for tion of the tests in this program
I, I/2, I/4_ and I/6 g; at these involved i._vestigating the effects

levels, weights were carried to of carrying packs of different
return the subject to I-g weight, weights. The results of tests on

. The comparison with l-g data can the inclined plane simulator whilel

, best be represented in terms of per- carrying packs of 12.5, 40, and
i centage change in metabolic rate 66.6 Ib with masses or earth
,; from the l-g condition. Figure 5 weights of 75, 240, and 400 Ibj
i illustrates the data for the 4.0-mph respectively and wearing the G2-C "
' walk. The figure shows that, as the suit, are shown in Figure 6. Little
! simulated level of gravity is difference is seen between pack

reduced, a pronounced decrease in weights for velocities up to
i energy expenditure occurs. When I0 km/hr. In all probability_ the

weights are added to the subjects to! added traction provided by the
! return them to their original (pre- packs compensated for the increased
{ simulation) weight, only slight] cost of carrying these weights. In
: increase in metabolic rate occurs, addition, it should be pointed out

• despite the substantial increments that the high energy expenditure
' ! in the total weight being transported, caused by the relatively immobile

, The results shown in Figure 5 sub- G2-C pressure suit masks many

_ stantiate the concept that weight effects that might be seen in a

i reduction is a primary mechanism in more mobile suit or in mufti.
i
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DATA FROM CONTACT MS e-7053 _ 400 LB PACK _ 3000
AVENGE ENERGY EXPENDITURE FOR SIX SUBJECTS 1

12 _ G-2-C PRESSURESUIT /INCI.INED P_NE LU_R G_VITY SIMU_TOR

j j/j75 LB PACK _ 2500IO

240 LB PACK

J _ 2000

$

• _ 1500 . 1

, g

l
!
i

500

I

i
I

I I I, 1 I I I
Z ( 6 8 I0 IZ 14

•-12265
VELOCI_,K_/HR

FIG. 6 EFFECTS OF CARRYING VARIOUS PACKS

The factors of traction are efficiency at I/6 g. The higher

also significant; this is amply cost (per kg) for the A5-L suit

: demonstrated by a significant over the RX-2 suit indicates an
.i decrease in the efficiency of walk- increase in efficiency of work

ing_ even though the total energy for walking with the heavier unit.
expenditure is dramatically reduced.

This condition is cogently shown by

Robertson and Wortz 14 and illus- CONCLUSIONS
trated in Figure 7, Figure _ had
shown a'dramatic reduction in Nothing mechanically novel is

metabolic rate from I g to I/6 g involved in solving the problems!

for subjects walking while wearing of work in weightlessness or other

the RX-2 and A5-L pressure suits, reduced-gravity conditions.

Figure 7_ on the other hand_ illus- Because the mechanics of work at

trates these data in terms of the reduced gravity is straightforward_

lunar weight of the subjects; the the appropriate engineering appli-
metabolic rate is plotted in terms cation of statics_ kinematics_ and

of body weight for the lunar dynamics should permit the design
gravity conditions. The higher of load transmission devices that

cost of walking at I/6 g (per kg on will improve the efficiency of
the lunar surface) indicates a sub- work to allow metabolic rates

stantial reduction in walking equal tol or lower than_ those
required for the task at I g.
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o4s , , ,- , f. The reduction in energy
_ IG / expenditures for locomotion

._0.40.... I/6.G INCLINEOPLANE / at Iunar gray; ty conditions

_ 03s .....t J/6GG,MBAL AS_,/'-- j is primarily a weight carry-

' --- 1 / RX-'// ing phenomenon and analogousv to locomotion while carrying

030 / / less weight. _-
-. ,/ /

• 025 . ,
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MAN/SYSTEM LOCOMOTION CONTROLLER CRITERIA
FOR EXTRATERRESTRIAL VEHICLE - PHASE 2 w

Jon G. Rogers, Ph.D.

N._SA, MARSHALL SPACE FLIGHT CENTER
Huntsville, Alabama

Summary: The vrGgram objecti-Jes were to define the minimum human factors
requirements for steering, navigation and caution warning systems for a small
open cockpit lunar driving vehicle.

INTRODUCTION Center (MSFC) has been conducting
design studies in support of manned

Based on Mercury & G_mini lunar transportation. One proposed
successes, NASA is now looking system is the Mobile Laboratory
ahead to post-Apollo space missions (MOLAB). This vehicle would be
and requirements so that adequate capable of traveling the lunar
preparation can be made for future surface carrying two astronauts in
programs. An important phase of an environmentally controlled cabin
America's space program planning with power and provisions for a
is lunar inhabitation and exploration, two-week scientific journey. As a
Beyond tLe scientific significance of more economic alternative to the
lunar investigations, the moon has MOLAB, a smaller, les_ refined
often been mentioned as a possible Lunar Local Scientific Survey
"way station" for advanced extra- Module (LSSM) has been proposed.
terrestrial missions. This .mplies This one-to-two man, open cockpit
permanent facilities, includ__ng LSSM would have a shorter range
scJenIific laboratories, storage than the MOLAB but would be less
facilities and personal living quarters, complicated. It would weigh less,
This also implies some form of lunar cost less to develop, and be avail-
transportation, for from the time the able for service at an earlier d,__e. ,
initial lunar exploration party arrives
man will need some method of In anticipation of this information
traversing the lunar terrain, requirement the George C. Marshall

Space Flight Center (MSFC) has
In anticipation of this requh _ment, been conducting preliminary design

the George C. Marshall Space Flight studies in support of manned lunar
exploration and particularly the
LSSM.
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The human engineering of any 1. Locomotion Controllers
lunar surface system is viewed as
extremely critical. The terrain No system has employed a broader
composition, visual environmental range of concepts during the design
characteristics and the psychophy- development phase for lunar roving
siological stresses to be encountered vehicles than the vehicle controller.
by the first humans to traverse the Wheels, tillers, dual and single
lunar surface are presently unknown, sticks and foot pedals have all been
In addition to these factors, lunar suggested. Right-and left-handed

gravity, use of pressure suits for operations have appeared with switch-
: long periods and the need to be able ing functions located on the controller
: to respond quickly to emergencies to operate skid steering and forward-

make itimportant thatthe man- revLrse modes. They have incorporated

machine combination of a lunar roving proportionaland fixed speed velocity

vehicle system represent the most controls;automatic and locked throttle
.: efficient design possible. In order devices; proportional closed-loop and

to obtain maximum vehicle-operator open-loop fixed steering rates, and

: performance, a highly efficient crew- various integrated control, throttle
_ ,_r,-,ticnnust be developed. Crew and brake innovations. Neutral dead-
, .,.rationc:-i,eriamust be based on an bands have varied from a few degrees

_ a_s_._sment or. the effects on human to 450. This multitude of design
performance produced by conditions concepts was initially reduced during.

t which will be encountered on the moon. the mission-vehicle systems analysis
; Definition of crew-station criteria can phase and are reported in Experiment

: only be achieved by real-time, high- I.
fidelity mission simulation prior to
actual lunar operations. To assure 2. Navigation Aids
that criteria thus de:ived are valid,
careful attention must be given to Although the lunar terrain is abun-
identification of appropriate _ariables dant in rocks, mountains and craters,
and development of experimental it presents a degraded cue environment
design techniques and procedures, if relative to earth stimuli. Recent lunar
meamngful results are to be obtained, roving vehicle research studies have

shown that without adequate navigati-
In oroer to insure relevant areas onal aids the chance for a successful

of research a comprehensive mission mission and safe return are drasti-
and systems analysis was completed cally reduced because subjects become
to: disoriented and "lost". Additional

data were obtained which show that the

1. Establish ba_liue mission addition of topographical terrain maps '
and system requirements and with marked courses is still not

• adequate, even for distances of about
2. To analyze in depth the mission- 1/3 of a kilometer. Although the

vehicle-operator-system functional addition of directional gyro and odo-
interface, meters aided in the navigation of lunar

roving vehicles, the operators still
The specific experimental test became disoriented and "lost". During

programs reported here were deter- an actual mission even a single "lost"
• mined from the results of the mission condition cannot be tolerated. The

system analysis, conclusion reached from past experi-
ence is that it is possible to become
"lost" on the lunar surface unless
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sufficient sophisticated navigational control layer-type projector that
aids are provided, projects the image on a 12-by-16 foot

screen.

3. Caution-WarningSystem
The constructionoY thelunarterrain

Presentlunarrovingvehiclecaution- beltraodelwas based on Ranger VHI
warning (C/W) system conceptsuse a photographswitha scaleof 1 to 150.
transmitoedtone,pickedup by the This scalewas selectedto accommo-
PortableLifeSupportSystem (i'LSS) dateterrainsensors and to correlate
receiveras an alertingsignal,combined withthevisualpicturewith thedyna-
withvisualdisplays. (eitherelectro- mics ofthesimulatedvehicleas it
mechanicalindicatorsor lights).Con- reactedto theterrainsurfacefeatures.
siderabledoubtstillexistsas tothe Originallunarterrainarea used was
optimum caution-warning ._ys;em stimuh, easily driven, presenting no real

obstacles or navigation cues. There-
Approach The Ex:_erimental Approach fore, modification were made on the

consisted of static computer-based visual basic terrain map belt by adding
simulation. The visual sit,relator was an several distinguishing terrain features
Air Force SMK-23 Aircraft Visual in the form of hills, peaks, ranges
Traveling Simulator modified by the and fields of rubble.
MarshallSpace FlightCenter, Computation _-
Laboratory,SimulationBra_ich. The EXPERIMENT I
modifiedSMK-23 consistedd a television LOCOMOTTON CONTROLLERS
camera and model unit,and a projector-
screenwhich presentsa view oithelunar Itwas previouslynotedthata
terrainto be traversedtothecockpit aumber of candidatevehiclecontroller
simulatoroperator. The three-dilnen- conceptshave been pro_osed. An
sionalterrainmodel issuppliedon a large attemptwas made, therefore,inthe
rollerbelt,4 feetwide by 26 fec:15 inches firstexperimentto selecta represent-
long,withtheends attachedsc thatit ativesample ofthe varioussteering
providedcontinuousmotion. An area of and throttleconditionsand combinations.
lunarterrain600 feetwide by 4000 feet The varioussteeringand throttlecond-

long is represented in a scale of one to itions are hsted below:
150.

Steering
i The televisioncamera scans thethree-

' dimensional belt model with an optical 1. Wheel - 240 ° lock-to-lock
_: pickup that provides roll, pitch and yaw. power assisted.
, To allow for the close approach of the
! optical(camera lens) to the terrain model, 2. Wheel - 4 turn lock-to-lock, •
i the initial element in the optical chain mechanical.
! isonlyabout2 millimetersindiameters.

The depth of field of the optical system 3. Stick controller - Discrete
_. permits a minimum viewing distance for Opv_ration Mode.
I terrain objects of 12 to 20 feet, and a
i maxin'_umviewingdistanceofapproximately 4. StickController- Proportional

2000 feet (at the end of the belt). Operation Mode.

Throttle
i The picture obtained from the camerv

and model unit is provided by a video hnk 1. Stick Controller - Discrete
to an Eidaphor projector, which is a

Operation Mode.
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2. Sti_k Controller - Proportional brought to a reasonable level but at
Operation Mode. the sacrifice of requiring more turns

of the wheel to accomplish an equiva-
A brief description of the selected lent travel of the vehicle wheels.

controls, their mode of operation and
reason for inclusion in the experimental c. Stick Controller-Discrete
program is given below. Operation Mode: The stick has long

been used as a method of controlling
1. Steering aircraft. The Apollo spacecraft uses

; a stick controller. Of all control
a. Wheel - 240 ° lock-to-lock, devices reviewed, the stick controller

power assisted: Of all possible steering (with variations) was the one most
devices this is perhaps the most obvious often suggested. In addition, and in
one for investigation since by far the contrast to the wheel, a stick controller
greatest number of vehicles that mah can be mounted to the side of the

; operates are controlled in this manner, operator leaving the area in front of
TY__',,J_3 maximum amount of positive the driver clear for easy access to and
transfer of training would be obtmned, from the LSSM vehicle. The discrete
Tn addition, this concept has been pro- operation mode refers to the method
posed on several open cockpit vehicle in which the hand controller transfers
design studies indicating popular support the operator's inputs into vehicle

; for this typ_ of controller. The wheel wheel motions. To accomplish a turn-
operates in _hnormal fashion with a full ing maneuver, the hand grip must be
travelof240v which correspondstoa full moved toitsfullrightor leftposition.
turncapabilityof thevehiclewheels. The Any movement lessthanmaximum
power assist reduces the operators work retains the controPs sensors within
load. the "deadband" region. Once the

control stick reaches the full throw
b. Wheel - 4 turn lock-to lock, position, the vehicle wheels begin to

mechanical: Inpart, the rationale for turn in the appropriate direction. To
inclusionof themechanicallyoperated terminatea turningmovement the

: wheel in the experimental study cshlcides operator returns the grip to a "neutral"
i with that listed for the power assisted position. The vehicle wheels remain,

wheel; namely, the familiarity and pre- however, in the turn angle occupied
vious practice possessed by an LSSM at the time of control neutralization
crewman with this device. Also, this and will remain in that position until
concept has been suggested in previous the grip is moved to the opposite
design studies but primarily as a backup maximum position wherein the vehicle
mode. This means that a mechanical begin to turn back toward a "center"
wheel, with its fairly high reliability position. The advantage of such a
factor, could be used in case the primary design is the reducted inadvertent
steering device failed. With complete control actuations committed by the
mechanical operation from steering vehicle operator du_ to severe vibra-
wheel to vehicle wheel, the possibility of tions and vehicle movements that are
a steering system malfunction is greatly anticipated for an LSSM type lunar
reduced. The fact that the system is vehicle.
purely mechanical relegates it to one of
a backup mode however. Force require- d. Stick Controller Proportional
ments can be reduced by incorporating Operation Mode: Configuration,

, into the steering system a gear reduction location and operational advantages of
device. Thus, the operating force can be the proportional stick controller
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steering device are all identical with the ( 14 degrees) at which time the vehicle
discrete controller design. The major accelerates to its maximum speed
difference between the two concepts is in (approximately 10 Km/hr. ). The
the mode of operation. In contrast to the advantage of such a design is two
discrete mode which requires a full right fold: a) elimination of inadvertant
or left displacement of the control before throttle movement by the operator
any vehiclewheel movemeEt isinitiated, d,:etovehiclevibrationsand, b) the
any movement oftheproportionalcontrol abilitytoholdthevehicleat a fixed
yieldsa correspondingmovement of the speed withrelativeease. This latter
vehiclewheels. Thus, theproportional factormay be ofrealsignificance
steeringcontrollercorrespondsinoper- sincea previousstudyconductedon
ationto thecommon automobilesteering MOLAB vehiclesindicatedthatthe
wheel. As with thediscretecontroller, most efficientoperatingspeed in
allmovements of theproportionalcont- terms of vehicleexpend_.bleswas a
roller are transferred to the vehicle speed approximately one-half that of
drive train el_.ctrically so that the the vehicles maximum velocity. The
operator's physical work load required disadvantage of sucl • a design is the
for vehicle control is nominal. The difficulty of maintaining some speed
advantage of a proportional controller other than those provided in the
steering device is its common operating discrete modes.
mode with other control devices which the
LSSM operator has long been familiar b. Stick Controller Proportional
(i. e., automobile, aircraft). The prime Operation Mode: Configuration and
disadvantage lies in the ease of inadver- location of the proportional throttle
tent control actuation by the vehicle control is identical to the discrete
operator (with resulting fuel ccnsumption throttle design. The difference bet-
and constant vehicle steering corrections) ween the two is in method of operation.
due to vehicle vibrations and movements. The proportional hand control functions

the same as the standard gas pedal on
2. Throttle an automobile. Any increase or de-

crease in stick displacement yields a
a. Stick Controller-Discrete corresponding increase or decrease

Operation Mode: Operation of the in veb: 'e velocity. The advantage of
discrete throttle control is similar to the a propuL'tional throttle control is its
discrete steering device; namely, some commonality in operating procedure
fixed distance of control movement is with other velocity control devices
required before any output signal is which the LSSM operator has long
directed to the vehicle propulsion systam, been familiar. Principle disadvan-
Sever_ discrete throttle design concepts tage lies in the ease of inadvertent

, were suggestedand reviewed. The one controlactuationby thevehicleoperator •
selectedforthisexperimentprovided due to vehiclevibrationsand move-
threediscretepower positions:a)O Km/ ment.
hr, b)5 Km/Hr, and c)fullthrottle

-_ (approximately "_0Kin/hr. ) The throttle Subjects The 12 male subjects
stick controller operates in the following used in Experiment 1 ranged in age
manner. At rest, the throttle remains from 21 to 36 years and were re-

i in the vertical (neutral) position. When presentative of the 80th through the :
the throttle is moved forward to half 95th percentile man. All subjects

, its maximum travel ( 7 degrees), the were ri_,ht handed and possessed •
vehicle accelerates to 5 Km/hr and then normal, uncorrected vision. All
remains at that speed. The throttle must subjects were experienced motor
then be moved to its _ll forward position v(:hicle operators and all were of
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college level educational status. All EquipmeRt Vehicle Simulation
subjects had previous space suit exper- Systems: NASA/MSFC personnel
ience, each was in good health and through- effected vehicle simulation system
out the training and testing period each characteristics by integration of a
manifested an attitude of cheerful coop- physical, fixed base, cockpit system
eration, characteristic of LSSM type vehicles

with a computer-generated vehicle
i Design A 2 4x 3 factorial design with response capability predicted on a

repeated measures was employed The mathematical model of a MOLAB
i levels of the variables were as follows: type lunar roving vehicle. Although
i Power (proportional vs. discrete), power the two vehicle designs are not identical
I and steering relationship (integrated and the particular MOLAB model choosen

not integrated), wheel turn radius (240 ° for this study was very similar to
lock-to-lock, and 4 turns lock-to-lock), proposed I_,SSMconfigurations in

: Steering Control (proportional and dis- terms of motion equations, suspension
crete) and Rate (Self paced, 5 KPH and system design, wheel bast, number

! 10 KPH). All subjects received all of wheels, steering operation (Acker
i combination of conditions with the excep- man) and overall vehicle design. ,As

tion of power. Each subject received a result, vehicle response character-
only one power condition. Each subject istics were sufficiently developed to
completed a total of 12 course segments, provide realistic simulation of the

lunar driving tasks for an open cockpit
Dependent Variables vehicle.

Mission Variable The simulator cockpit structure is
of modular construction designed to

Distance permit ready exchange of the steering
Time and throttle control units without inter-

fering with the remaining units (i. e.,
Speed control panel, seats etc. ) of the simu-

Dynamic Vehicle Control later. The static simulator base

Human Energy Output provided a mounting platform for thecontrol panel and requisite steering
Independent Variable Description and throttle controls required for

each experiment. Two adjustable
Mean Driving Distance per Segment aircraft-type s_ats with associated

of Experimental Traverse restraint harnesses, were placed
in normal positional relationship to

Mean Total Driving Time the display/control systems.
Mean Vehicle Speed

With each steering-throttle control
Variability of Speed combination _eating was arranged
Mean Number of Steering Movements to permit maximum comfort for each

vehicle operator and was adjustedVehicle Deviation from the Desired
prior to each test trial. Control of

Course eye position was not required since
the vehicle is an open cockpit conceptMean number of Throttle Movements
with the subjects field of view, re-

Heart Rate gardless of seat position, limited by
the physical dimensions of the simu-
lator projection screen rather than

III .3.6

|11 i i
I ii

1971066602-157



by the subjects eye position. During The steering wheel was located
an experimental trial the subject occupied directly in front of the subject on
the left seat, the experimenter the right the seat centerline and tilted 45 ° up
seat. Thus, the experimenter was with respect to horizontal. A force
clearly able m observe both the subject of 6 pounds at the rim was required D
and the image screen simultaneously, to turn the 14 inch diameter wheel _

under all conditions in which [he wheel
The display panel used for all steering was used. This force corresponds to

throttle test trials consisted of a corn- that proposed for actual I.,SSM type
pass, high-low gear indicator, high-low vehicles regardless of whether the
gear switch, a 0 to 20 kilometer-per- system were straight mechanical
hour range speedometer and ,, forward linkage or power assisted. The wheel
and reverse switch, was construcmd so that a minor ad-

justment could alter the wheel from a
The stick control was mounted on a 240 ° full turn design to one requiring

pedestal which extended from the sub- 4 turns lock-to-lock to accomplish
ject's seat forward to a point beyond the the same vehicle wheel turning cap-
stick. The pedestal top was 27-1/2 ability. The relationship between
inches from the simulator floor, a wheel location and seat position was
height which permitted the subject to established for each subject to pro-
comfortably rest his arm on the pedestal vide individually selected positions
during the experimental trials. The of maximum comfort. This univer-
grip was located 18 inches to the right sally resulted in a seat post'ion which
of seat centerline and approximately 19 provided a slightly less than fully ex-
inches forward of the seat backline, tended arm when the subject placed
These dimensions were selected based his hand on the wheel at the 12 o'clock

on previous design studies for open position. This provided the subject
cockpit vehicles and placed the grip with sufficient clearance between
controller in a position such that the himself and the wheel while remaining
operator arm fatigue was not a factor witldn the space suit extention capa-
during the experimental trails. The bility.
grip was a standard-form finger air-
craft-type design with a maximum 14° Since the objective of the experi-
travel in the forward direction and 10° ment was to evaluate various steering
in the backward direction from a straight- and throttel control designs during
up neutral position. A backward motion simulated lunar driving operations

' of the stick served as a brake only. All it was important to eliminate or hold
: vehicle velocity control was regulated constant other driving tasks which
• by forward motions of the stick regard- might mask the effect of the locomo-

less of whether the x,ehicle were in a tion controller on driver performance.
forward or reverse mode of travel. One of the potentially greatest sources

of driver confusion was that of navi-
When the stick serced as the steering gation. Thus, it was considered

controller, the maximum angle of travel important to provide the vehicle
was 20- to either side. Thus, in the operators with sufficient test course
discrete mode of operation the control identification so that they would have
had to be moved through a full 40° angle no difficulty in following the test
of travel to terminate one turning root'-on track. Black lines were drawn on

, and initiate another in the opposite dir- the terrain belt to identify the test
eetion, traverse and small sponge rubber

blocks, (each marked to identify to
[

[
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the driver on which side of the block outside and to the left of the vehicle
the course traveled} were statiened at simulator. Thus, the suit operator
each turn on the test course, was in visual as well as verbal comm-

unication with the subject. The console
l'est Course Selection Three test panel contained flow regulation devices

courses were ,_elected which were to for control of pressure and adjustment
serve as the traverses over which each of temperature sensing was achieved
of the subjects had to drive the LSSM via insertion of a theristor at the out-
vehicle. The courses were established let of the suit gas flow and read directly
with the intent of being equal in length from a display.
and difficulty. To verify this fact each
course was measured and found to be Computer Support General Pur-
approximately 1300 meters in length, pose Analog Computers, EA1231R, &
A very experienced non-subject vehicle EA1221R, and AD256 were used for
operator then drove each course at max- modeling and simulation of *.he dynamic

; imum vehicle speed (with the integrated responses of the proposed vehicle sy_-
controller) and covered each in approxi- terns. Supporting equipment and ex-
mately eight minutes. Thus, it was pansion groups to implement the capa-
established that the three courses we_c bility included a DR-20 Resolver, CCC
approximately equal in length and Digital llo, amplifiers and attenuators.

" difficulty. Although no attempt was A detailed description of computer
. made to equate right and left turns, operation is provided in another re-
' final course selection yielded a close port (ref NAA report) and will not be

approximation to this standard. Courses repeated here.
were coded as A, B, C to facilitate

: experimental design development but Simulator and Program Verification
the subjects were provided wiu, no maps Prior to the initiation of any experi-
or other course identification system, mental trials, a series of calibration

and validation exercises were per-
The communication circuits were formed to ensure the attainment of

simple in nature and designed to provide maximum possible simulation validity
sufficient communication channels to and data reliability. The simulator
facilitate study execution without dis- performance characteristics in terms

! tracting subject attention. The only of vehicle speed, turning rate and
" individual in communication with ten radius, locking, etc., were established

subjects other than the experimenter to correspond as closely as possible
was the suit operator and this was for to expected LSSM vehicle dynamics.
safety reasons. However, the suit
operator was instructed not to speak to Runs were executed using all con- ,

, the subject once the experimental trial trol and calibration systems to check
had begun except in the event of some the input characteristics of the corn-
physiological emergency, puter in terms of amplitude, rates,

times, accuracy of responses and
Pressure Suit Systems The pressure simulation veracity. Various terrain

suits used were U.S. Navy issue high- areas were used to examine the effects
altitude Mark IV full pressure suits of topography on input/output ratios
fitted with Mercury gloves. Pressur- of the compute_ and their readouts.

ized runs were made aJ 3.5 l_sia with The primary purpose of these efforts
suit temperature at 75 F + 5 . Suit was to increase the probability of
pressure and temperature were con- collecting reliable, accurate and
trolled at a console panel located just valid data with which to compare
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subject performances as a function of
steering and throttle design concepts.

Once the test courses had been estab-
lished it was necessary to verify that
each was sufficiently marked to guarantee
that test subjects could follow them with-
out becoming lost. This was necessary
since it was important that subject per-
formance differences due to locomotion
controiler design not be confounded by
extr_eous data acquired while the sub-
ject was covering lunar terrain not in-
cluded in the test course. Accordingly,
twelve non-subject operators drove the
vehicle over one or all of the test tracks

to establish that a naive subject could
successfully foUow the selected traverse.
Results indicated that the courses were

sufficiently identified and thus ready for
the experimental test runs.

Procedure The procedures may be
divided into three basic categories accord-
ing to the goals of each: 1) training of
subjects and operators, 2) testing and
3) subject calibration.

!
!
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RESULTS F_PERIME, NT IT

I. Locomotion Controllers NAVICATTON REOITIRE_NT_

_eel vs. lland Controller - Previous studies utillzln_ the
: When averaRed across all other SHK-?3 Lunar Drivtn_ Simulator

! conditions, the hand controllers have shoran that subtects become
were slightly su, ertor to the disoriented ("lost") after a brief

] wheels in terms of average time _ertod of driving. This is because
to drive a segment. Sublects when the hmar environment nresents aJ
steerin_ with a hand controller, de_radatlon of visual cue_ relative
drove faster and varied less than to familiar earth stimuli. _nce

i did those who steered with a wheel, even a stnFle lost case involvtnF
an astronaut on the moon would be

] gand Controller, Pronortional intolerable an attempt was made
! vs. Discrete Steering - The _ro- to test several navi_ation aides

nortional stick yielded the fast- with a view to determln_ne minimum

! est trial time with least varia- requirements for completely safe :

i bility per seRment of any condition, nav_atlon.
i The discrete stick yielded longer

i trial time and required more Dower The navigation aides investigated
: movements and steerlnR movements, were:

Wh___eell 2_0 ° vs. 4 turns lock 1. Man and comnass (Window) +
to lock - The 240 ° wheel resulted

in the second fastest trial time 2. Digital readout of _astln_s -

wet seRment of any condition. In Northin_s units, ma_ and comnass

com_arlson with the 4 turn wheel, (nTCImAL).

the sublects usln_ the 740 ° wheel

drove faster and with less varla- _. X-Y _lotter, man and compass

billty. The worst condition was (X-v D]ot).
the 4 turn wheel.

4. Aides +l, ?, and 2 without
2. Power - Pronortlonal vs. the comnass (CO--ASS VAILS.
Discrete

A11 navi_atlon alaes were examined

The proportional Dower con- under three separate ordered speed
dltlon was slightly better than conditions:

the discrete _ower condition when +

averaged across all other conditions 1. Pull throttle (anorox. 10 K_}I)
with the nronorttonal Dower con-

dition there were fewer _ross 2. Half throttle (annrox. S KPl{)
_ower movements and more fine

Dower movements than with discrete _. _elf-_aced
Dower.

• he demi_n was a 3x_x3 factorial

design with re_eated measurements.

The levels of the variables were

as follows: _ource of _osltion

Information (window only, dt_ital

readout, X-Y nlot), comnass

(onerattonal, failed), sneed (full
throttle, half throttle, self-naced).
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Each subject was tested under all _. Mans were made bv construct-
combinations of conditions. This Ing a noUarold nhotoRranh mossalc

involved 1R runs for each subject of the terrain belt on a scale of
(i.e., _ runs for each of 3 sessions). 1RSn to 1. These marts were utilized
The order of presentation of positive under all exnmrfmental conditions.
information was selected to maintain
a.proxtmate balance of order effects. 3. A nane] containtn_ a d/vital

reado:_t (gasttngs - _ortbtn_s_,
The dependent variables for this co_nnas< and sneedometer (O-?o VPH)

study were the s_me as those for was constructed and .laced _0" to
the locomotion controller study, the right of centerline tust forward
with two chan_es: of the integrated locomot[on con-

troller.
l. tTR data was not taken as

the sub:ects were not in snace 4. An X-Y _lotter (varlpiotter)

suits and the nhvsical task was was nlaced directly in fzont of the '
identical for all runs. g in nlace of the st_:erir_ vheel

used in the nrevlous _tudv. The

2. A runntn_ count of all "_st" mans for the asstmned course_ w,_re
cases was kent for each run. nlaced on the nlotter for all cor-

dftions, with the nlotter _ctive

! Lost criteria: only durln_ the X-¥ nlot condltlcn.

.;: a. _ was either to the rigi_t The data from this study are currently
or the left of his assigned course undergoing analysts. _reltminarv
and made a steering correction of indications are that X-Y niot is the
at least a ?-second duration which "best case" in that no S ever became
comnot,nded his error, lost wh_le driving with this aide.

The digital aide is slightly better

b. S was on course, but passed than the man and comnass alone, but
the point where he should have both these aides nroved Inadequate ,

, turned to the extent that he as the e,,,s became disoriented and

couldn't get to his nee course leg lost an average of once every _on
without either encountering an meters. Vurther research is now

obstacle or runnlnR the vehicle underway investlgatln_ a more
into the limits of the terrain sonhlstlcated digital device. The
belt. X-¥ plot cocdlt(on also seemed to

c. g turned either too early be best case in terms of _eed and

or too late, making a crash un- accuracy of comolettn_ asst_ned
avoidable, drtvin_ tasks.

d. g told _ that he didn't EXPEdieNT IIT
know where he was.

CAUTION/WARNTNC

The apparatus for this study was

the same as for the locomotion Present lunar rovln_ vehicle ca,'-
controller study, with the follow- tion/warnlng (c/w) _vstem conceives

In_ exceptions, use a transmitted tone combined

with visual disnlavs as an alerttn_
I. Only the Integrated hand si_mal. Considerable doubt still

controller was used (in the exists as to the ontimum caution/ '

nroportional steerln_, nro.ortlonal warning system stimuli.

power mode). L
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An investiEation of the problem tone) at two different ordered
should attempt to _nswer the follow- speeds (_ KPIt, self-naced_. Thus,
tn_ questions: each q drove six different courses,

one under each combination of

1. _hat should the physical qua1- cautton/warntn¢ condition and s,cea.
ity of the alterin_ signal be? The _LSg warntnRs were presented

randomly under all conditions.

2. Is the si_nal comnaclble with
the Apollo caution/warnin_ system? In order to make the _'s task realis-

tically dlfficult, cor_nunlcatlons
3. Can the crewman differentiate were maintained with an "a_tronaut"

between the qiRnal renresentin_ in the lunar module. At various
vehicle malfunction and the signals times durinR the run, the sub!ect
used to indicate a PI.SS malfunction? was asked questions such as "rx,lorer,

this is Home ease. t_at is your
a. _at should the duration and course?' or "rxnlorer, this is

reset concepts he? llome Base. *._at is your speed?"
The _'s tasks for each run ve_:

5. _4hat specific malfunctions
should be displayed, and how? 1. To drive the assigned course

safely and as accurately as possible
ft. Should information, in addition while maintaintn_ the ordered speed.

to the basic malfunction notice, be
provided (verbal auditory message 2. To reco_nlze and react to

explaining malfunction and correct- vehicle and llfe sunnort malfunctions

ion required)? qutcklv and accurately.

The caution/warnlng devices investi- 3. To answer questions from the

gated were: command module nulcklv and accurately.

1. Voice - a verbal warninR. The dependent variables for this
study were the same as those for

2. Light - an annunciator light, the navigation study, with
chanRes:

3. Tone - a 75q cns - _OON cps

sipmal (at an dh, alternating at 1. "Lost" cases were not a factor
1/2-second intervals) cc_Dled with because all _'s used the X-Y plotter,

the liRht, man and compass for navigation
and knew at all times where they were.

In addition to the above devices for

alerting the S to a vehicle mal- ?. _eactlon time to vehicle and
function, there was a ISNO cps signal life support malfunctions were
(frequency varied 2_ 15 times per measured to the nearest 0.I second.
second to give it a warbltnR sound)
which was used to identify Portable 3. Accuracy of response was
Life Support System (PLS$) galfunctlovts.recorded.
This tone is currently being used

at MSC, Houston as the _LSS warning. The annaratus for this study was

the same as for the navigation study,

The design was counterbalanced so with the followlng exceptions:
that each S drove under all caution/

warning conditions (voice, light,

Ill.3.12
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1. The digital readout nanel was "dtdn't notice" the ]tebt. _ts
removed as all navt_atio,1 was accomn- nhennmenon of not nottctn_ did not
lished with the aide of the X-Y occur under the tone or verbal con-
ulotter, dittons and may have implications

for the safety of the astronaut
2. A panel containfnR a series durin_ an actual lunar mission.

of etRht cautton/warntn_ annunciator
lights, comnass and sneedo_ter was
placed tust forward and to the left CONCLUSIONS /_ID RECOMMENDATIONS
of the X-Y plotter 20" off centerltne.
(this nosttton is within the normal 1. Locomotion Controller _xnertment
30 ° cone of vision).

The ontt_al controller/mower cor_-
3. A panel containin_ two l 1/4 x htnatton annears to be the nronor-

3/_ buttoms labeled "REYET" and "PLSS" ttonal hand control]_r with _ro-
was nlaced at a _5 ° an_le to the left nortional _nwer. Th_s system,
of the X-Y nlotter, within easy however, was not _reatlv sunprior
reach of the sublect. By nressinR the to the ?fin" wheel with nrnsorttonal
appropriate button, the sublect mower. Tn that a wheel tf not the
terminated the c/w si_,nal and ston_ed nrimarv system is the backun system
the timer which was automatically in all vehicles nronosed at this
started at the onset of the signal, time, the _n" wheel _t_ht be the

best alternative.
4. A panel containin_ a series of

momentary contact noise-free switches _e 4 turn wheel nroved to be a very
was installed alongside the exverimen- mar_fn_i system both in ter_s of
ter in such a way as to be out of _;,e time to drive the course and sublect
subject's sight. !#ith this nanel, energy exnendtture. It would seem
the experimenter instigated the on the basis of this study that
desired vehicle and life sunnort mal- fewer turns loc_-to-lock should be
functions and automatically started reautred.
the timer.

- ?. _:avt_atton _equtrements
5. A variable frequency si_aal

Renerator was used to Renerate the 7t anvears that use of the X-v
desired vehicle and life support mal- nlotter for navigation would result
function tones, in maximum safety for the astronaut

and this is of arise imnortance.
The data from this study are currently The nlotter, however, renutres
under_o£n_ analysts. Preliminary additional equtnment tncludin_ a
indications are that reactions to the small co_uter and associated
tone condition are slightly faster than circuitry. This adds to both hard-
reactions to verba_ warnln_s on the ware wet_ht and comnlexttv, which

lipht alon_. This difference is not in turn le_ds to a hipher nrobabtltty
_reat however (about o.3 see.). As of equinment malfunction. _esearch
the average reaction time was awroxt- is now tn nro_ress to examine the
mately 1.6 seconds, it is worthy of noteutilltv of a more sonhtsttcated
that on several occasions, under the digital readout device. If it can
light condition, the su_lects missed be shown that this new eautvment

the warnin_ for as lonr as 13.5 seconds.is adequate for the task, its
The subjects later said _hat they were reduced weight and low com, lex_tv
vreoccupied with the driv_R task and might make It more desirable than

I
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the X-Y _iot as the nrimarv
navigational aide. Tt might also be
considered as a hackun to the X-Y
plot if the research indicates that tt

is not _uffictently accurate for
primary use.

3. Caution/_arnin_

It avnears that use of the 75n cns/
2non cDr a,ternatin_ tone coupled
with the ltRht is the _ost ra_id
and consistent method of nottfylnR
the astronaut of a vehicle malfunction.

The study has also shown that the
a_tronaut would have no difficulty
in distinRutshin_ this tone from the
15n_ c_s "'warblin_" tone associated
with ltfe sunDort _alfuncttons and
thus is ht_hlv coemattble with exist-

; tnR Anollo hardware. In addition,
i tile vehicle cautton/warnin¢ tone could

be _roduced by the same equipment used
to _enerate the life suvnort warninR

; tone with minimum modification and

would thus minimize hardware wetRht,

comnlexttv, and development costs.
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SELF-ROTATION OF ASTRONAUTS BY MEANS OF LIMB MOVEMENTS

Thomas R. Kane

Professor of Applied Mechanics

Stanford University, California

SUMMARY: When aD astronaut is in a state of free fall

(weightlessness), any motion of one part of his body

relative to ano=h.+r causes a change in the state of

motion of the entire system. Some investigations

concerned with the exploitation of this fact for the

dev_lopment of practically useful self-rotation tech-

niques are discussed.

INTRODUCTION points of the body--and it is pre-

ferable to explore questions con-

Gymnasts, trapeze performers, nected with the optimum size and

and divers offer living proof of the placement of such weights analyt-

fact that relative motions of body ically, rather than during an

parts can have profound effects on orbital flight.
the over-all attitude motion of the

human body in free fall and, further- With these ideas in mind, a

more, that human beings are capable number of my students and I have

of performing certain relative mo- sought answers to the following

tions of body parts in such a way as questions:* (i) How can _n astro-

to repeatedly obtain well defined naut in free fall move various

results. This observation leads parts of his body relative to each

rather naturally to the thought other in such a way as to bring

that it may be possible to use pre- about both a desired change in

determined limb motions to control orientation and a prescribed dis-

the orientation of an astronaut in position of body parts ? (2) Start-

: space. However, the attitude con- ing from rest, how can one move the
trol problems faced by the astronaut limbs to obtain relatively pure

are so different from those encount- pitch, roll, and yaw motions_ and

ered by gymnasts, etc., that their what can one do to make these

solution cannot be found merely by maneuvers as effective as possible_

applying old and familiar techniques. (3) How do limb motions and propul-

Furthermore, new techniques cannot sion devices interact ? A formal

be devised experimentally in con- answer to the first question was

ventional ways, because gymnasts, given in a recent paper. I The

etc. do not remain in a state of free second and third questions are dis-

fall for sufficiently long periods of cussed in the sections that follow.

time. Hence one must ultimately re-

sort to orbital experiments_ but the
value of these can be enhanced con-

siderably by first studying certain

questions analytically. For example_ * This investigation was supported_it is obvious that the effect of a
in part, by NASA Research Grant

i given limb motion will be modified
NGR-05-020-209.

by attaching weights to various

: 111.4.1
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fifty degrees. A practical resolu- has been demonstrated experim6nt-

tion of this dilemma is to follow up ally. However, the body movements

the roll maneuver with correcting required to produce such a large

pitch and yaw maneuvers, both of reorientation may be so arduous as

which are essentially "pure." to render them unsuitable for exe-

cution by an astronaut, particu-

larly one wearing a space suit.

YAW MOTION Ultimately, only an orbital exper-

iment will permit one to assess

cyclic, two-part maneuver the relative advantages of this

that produces yaw reorientations and and other yaw maneuvers.

that may be performed either with

the legs or with the arms was sug-

gested by James Jones of NASA, Ames PROPULSION DEVICES

Research Center, and proceeds as

follows: With the legs placed as The simplest conceivable pro-

when taking a step in walking, i.e., pulsion device is one consisting

one to the front, the other to the of a single thruster that exerts

rear, each leg is moved on the sur- a force of constant magnitude in

face of a cone whose axis is papal- a direction that is fixed relative

lel to the yaw axis and which has a to the body on which the force

semi-vertex angle equal to the semi- acts. If such a device could be

angle of leg spread; and each leg used, perhaps intermittently, to

is p_itted to rotate about its propel an astronaut through space,

own axis in whatever way is neces- its simplicity would be its

sary to avoid twisting. The second greatest asset. But, even if

part of the maneuver consists of this mode of propulsion is not

bringing the forward leg to the used intentionally, it would be

rear, and vice - versa, and the en- desirable to understand how limb

tire operation then can be repeated, motions Tnteract with such a pro- !

Fig. 3 shows the reorientation per pulsion system, for it is possible

cycle obtained in this way for that a malfunctioning of a more

various semi-angles of leg spread, sophisticated astronaut maneuvering

(A similar maneuver can be performed device leads to unintentional use

: with the arms, and its effectiveness of this simple technique, and limb

has been demonstrated by gymnasts.) motions might then provide the only

means of achieving even partial

A second method for obtaining control. We have, therefore, be-

yaw motions is to bend the torso gun to study this problem analytic-

relative to the legs successively ally, and, while our investigation '

in various planes passing through has not been completed, a few re-

the yaw axis, which is the human suits can be reported.

analog of the righting maneuver per-

formed by a cat that lands on its Considering a system of two

feet after being released from rest rigid bodies which are connected

in an upside-down position. (A de- at one point but are otherwise

tailed discussion of this topic free to move relative to each

will appear in a forthcoming issue other, one can readily see that

of the International Journal of rectil_near motion is possible

Solids and Structures.) One cycle only if the bodies are oriented

of this maneuver can produce a re- relative to e_ch other in such a

orientation of as much as one hun- way that the line of action of the

dred and eighty degrees, and this thrust passes thcough the mass

_ III.4.5
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PITCd MOTION arms move in such a way that these

axes are not parallel to the pitch

A pitch motion of the torso and axis. The optimum orientation of

legs (here regarded as a single, =he cone axis is ore in hich this

rigid body) can be produced by ro- axis lies in the roll plane and

tating the arms symmetrically, each makes an angle of about fifteen

arm moving essentially on the sur- degrees with the pitch axis. This

face of a cone. (This maneuver was is a rather comfortable position,

i discussed both by Kulwicki 2 and by even in some EVA suits, and reori-

; McCrank and Segar. 3) To study such entations as large as twenty-five

motions, the governing differential degrees (and twice that, if five-

equation was written for a system pound weights are attached at the

comprised of three rigid bodies, wrists) can be obtained in a single

The solution of this equation yields cycle of arm motion.

a relationship between the reorien-

tation (in degrees) per cycle of arm

; motion, the geometric and inertia ROLL MOTION

i properties of the rigid bodies, and

i the three angles that characterize The simplest way to obtain

! the arm motion, namely the semi- roll appears to be to move the
i

vertex angle of the conical surface arms on identical conical surfaces,

on which each arm moves and two but keeping their axes parallel to
J
; angles which locate the axis of one each other, so that the arm mo-

cone. (Symmetry considerations per- tions are now unsymmetrical rela-
mit one to locate the axis of the tive to the torso. This lack of

second cone.) Details of this anal- symmetry complicates the analysis

. ysis will be published in a forth- considerably. In fact, it becomes

coming Technical Report of the De- necessary to solve a set of three

partment of Applied Mechanics, Stan- simultaneous, nonlinear differen-

ford University. Fig. i, which tial equations in order to deter-

shows some of the results of the mine the reorientation per cycle

analysis, deals with the case in of arm motion. Such an analysis
which the cone axis for each arm is is described in detail in Technical

parallel to the pitch axes. The Report No. 182 of the Department of

' three curves in the figure corres- Applied Mechanics of Stanford Uni-

pond to three sets of inertia prop- versity. Fig. 2 shows the number

erties, the first being applicable of cycles of arm motion required

when the torso and legs occupy the to produce a given roll reorienta-

same relative position as when a man tion for various semi-vertex angles

is standing at attention, the second and with the axes of the cones

representing a "tucked" position, parallel to the roll axis. Of

and the third accounting for changes course, the maneuver can once again

in the inertia properties associated be rendered more effective by add-

with holding a five pound weight in ing weights to the arms; but, in

each hand. Not surprisingly, it doing so, one pays a penalty in

turns out that both the use of the following way: The desired roll

hand-held weights and the tucked motion is inevitably accompanied by

position enhance the effectiveness undesired pitch and yaw motions,

of the maneuver. Perhaps le_s oh- and these tend to become more pro-

vlous, but fortuitous, is the fol- nounced when the roll reorientation

lowing fact which emerges from the per c,,cle of arm motion is increased.

analysis: The maneuver can be made Even without additional weights,

more effective by choosing the axes these parasitic pitch and yaw rota-

of the conical surfaces on which the tions can have values of forty to
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center of the system. For a given
orientation of the force vector re-

lative to one of the bodies, there

may exist two, one, or no orienta-

tions of the second body such that
this condition ks fulfilled. Con-

sidering only planar motions, one

finds that, when there exist two

configurations which are compatible

with rectilinear metion, then the
motion associated with one of these

is stable whereas that associated

with the other is unstable; and
when there exists but one such con-

figuration, the associated rectilin-

ear motion is always unstable.

Finally, still for planar motions,

it is found that the body to which

the force is applied can rotate at

a constant rate in inertial space

when the second body performs an

oscillatory motion relative to the

first body in the neighborhood of

the position associated with recti-
linear motion.

REFERENCES

I. Smith, P.G., and Kane, T.R.,

"On the Dynamics of the Human

Body in Free Fall," Jour. of

Appl. Mech., Vol. 35, Series

E)No. I, March 1968, pp. 167-68.
2. Kulwicki, P.V., et al., 'Weight-

less Man: Slef-Rotation Tech-

niques," Aerospace Medical Re-

search Lab. AMP.L-TDR-62-129,
October 1962.

+ 3. McCrank, J.M. and Seger, D.R.,

'Torque Free Rotational Dynamics
+I

! of a Variable-Configuration

i Body (Application to Weightless

Man)," M. S. Thesis, Air Force

Institute of Technology, May
1964.+I

111.4.7
i

1971066602-172



SESSION IV

1

j SPACE MAINTENANCE TECHNOLOGY
i

Session Chairman: Colonel F. X. Kane
_. Oirector of Development Planning
! USAF, SAMSO

{

f
c

IV

1971066602-173



SPACE TOOL POWER SOURCE SAFETY INVESTIGATION

Clifton M. McClure

Hayes International Corporation
Space Experiments Group

Huntsville, Alabama
and

Isaac Edmond

National Aeronautics and Space Admintstratlon

Marshall Spaceflight Center
Huntville, Alabama

The authors wish to thank Mr. William S. McBride of

Hayes International Corporation and Mr. W. A. Wilson

of the National Aeronautics and Space Administration
for their assistsmce and suggestions in preparing

this paper.

SUMMARY: A study was accomplished to define the
hazards associated with poentially useful power
sources for spacetool applications. It was found _ ;

that all power sources offer some specific hazards.
It has been recommended that the brushless D.C.

electric power drive be developed to further de-

crease its potential as a hazardous device for use
in spaceflight.

INTRODUCTION included in this report are:

A previous study compared vari-
I. Safety considerations for

ous space tool power sources with

respect to power/mass requirements.* gas, electric, and hydraulic
This report presents the results of power.

a continuing study directed primarily 2. Fire and blast hazards.
: at the safety and reliability of the

_i possible power sources to be used asa multi-purpose driving unit for 3. Toxicological hazard.

i hand-operated tools.
', 4. Special tool hazards.

: The potential power sources arei Conclusions with recommenda-
divided into two basic safety groups,

--i those involving fuels and/or power Lions are drawn as to the safest

cycles which are rormal!y consid- and m_st reliable power source for
I ered to be inherently extra-hazard- space use.

i ous and those involving fuels and/

I or power cycles which are normally INITIAL SELECTION

considered to be of low inherent
: hazard. Other areas of discussion

All th_ ootentlal power source_

, _ *Space Tool Power Source Investl- can easily be placed initially into

i ga_n. Internal Note R-ME-67-4. two basic safety groupings.

IV.l.1
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i. Those power sources involv- It is possible that this cate-

ing fuels and/or power gory of power source could qualif_

cycles which are normally for specialized EVA such a_ a high
considered to be inherently power/mass emergency tool. How-

extra-hazardous, ever, as long as the power source

may be used within the cabin,

2. Those power sources involv- these extra-hazardous systems

ing fuels and/or power should be eliminated from the

cycles which are normally candidate list. This conclusion
considered to be of low in- and the considerations in arriv-

herent hazard, ing at it are in agreement with

that proposed by Roth. 2

The inherently extra-hazardous
class includes all the solid and The initial selection leaves

liquid rocket propellant-oxidizer as potentially useable power

combinations and the monopropellants sources only the normally low-

such as hydrazine and hydrogen hazard power systea_. This cate- :

peroxide, gory includes gas (air) powered,

electric powered, and hydraulic

These high energy materials are power systems. 3 All three of

inherently hazardous since they are these systems are used oa Earth

highly reactive, frequently unstaole, as tool power sources.

and relatively toxic with very low

threshold limit values (TLV). Low Several previous space tool

allowable concentration percentages power sources have used dc electric

apply to these materials as sepa- motors.4, 5 The characteristics of

rately stored fuel or oxidizer this type electric motor are very

components and as reaction products, favorable for use as a tool power
Their maximum allowable concentrations source. The dc electric motor's

(MAC) from a flammability-limit stand- high efficiency, high power-to-

point are also low. As highly re- weight ratio, and torq,xp/load

active agents they may be ignited characteristics make it one of

by low-energy ignition sources; the most suitable electric motors

some are hypergolic. They usually for hand tool use. In addition,

combine er disassociate at high spacecraft electric power systems

temperatures; therefore, the re- usually include several dc prime

action chambers, and frequently the power sources. This is true be-

exhaust products, must be carefully cause of the basic dc nature of

and completely isolated from astro- these devices, i.e., solar cells,

naut proximity. These extra- thermoelectric, batteries, and/or

hazardous power sources have been fuel cells. The dc motor is a

developed for specialized space use natural choice since it can use

and previously have been used on power directly from these prime

• manned space flights. However, the spacecraft power sources.

location requirements for thrust

engines, spacecraft attitude con- Previous considerations have

trollers, extravehicular activity eliminated all the exotic high-

(EVA) manuevering units, and other energy gas cycles. This leaves

special uses are muuh less severe the low-energy, pressure-work

than the locatiop and use require- type gas cycle as used in all

ments placed on the space tool power terrestrial gas (air) powered
source, hand tools. These motors use air

IV. 1.2
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at fine pressure developing power thuir use in space flight poses

across a work-surface area; little several unusual problems of 3ome

or no work is obtained by gas ex- potential danger. These specialized

pansion and the gas reaches the problems can be reduced to three

exhaust port at practically line cateBories:

pressure.
I. Fire and blae .

True turbine motors do not oper-

ate well on this power source. 6 They 2. Toxicological contamination.

have even lower starting torques

than turbine motors operating on 3. Safety hazards peculiar to

more effective turbine power cycles, the type of tool.

Except for very specialized light

loads, high-speed gas-powered tur- The three types of power 3ources
hines are not considered to be will now be covsidered within thest

valuable as a space power system, three Fotential hazard areas.

Only two types, the piston and the

rotating vane, remain as of major

importance. The piston motor is Fire and _last

generally heavier and bulkier, _nd

is usually not offered in tools Two very different use environ-

under 373 W to 559 W ( 0.5 to 0.75 ments apply to the proposed tool

hp). The vane-type gas pressure power source, EVA or intravehicu-

motor will be the major gas motor lar activity (IVA). In EVA use,

considered in this report, the accidental fire or blast
hazard is much reduced from that

In the early stages of investi- found for similar tools in terres-

gating the safety aspects of trial use. 2,7 This is primarily

pneumatic power sources it was felt a result of the unavailability of

that a closed fluid working cycle a natural supply of oxygen in the

might offer several safety advan.- space vacuum environment. Most

rages over the pneumatic. There- liquid or gaseous fuels or oxidizers !

fore the safety aspects of hydrau- will be vented naturally and dis-

lic tool power will also be persed by this very low pressure.

considered. Also, a decrease in pressure usually

narrows the flammability range and

Hydraulic systems are nminly increases the auto-ignition

: power transmission devices and are temperature. 8

not prime power sources. The hy-

draulic system will have to be Another factor which will re-

driven by a gas or electric prime duce the chance of orbital EVA

power source and it will have some fire is the unusual "zero-

i of the advantages _nd disadvantages gravity" gravitation field. Zero
associated with the chosen prime gravity, in the absence of in-

power source, duced relative velocities, will

reduce the mixing process to

either a random low-veloclty mix-

SAFETY CONSIDERATIONS FOR GAS, ing or diffusion-controlled mix-

ELECTRIC, AND HYDRAULIC POWER Ing. Either process is less

effective than mixing driven by

Even though the three remaining displacement convection between

candidate power systems are consider- "heavier and lighter" liquids and

ed safe in normal terrestrial use, gssses.

: IV. 1.3
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The normal terrestrial con- It has been shown that fire

vection-burning process can also hazards increase in space flight;

be affected by zero gravity. Spald- therefore, the major increased

ing lists the equation for the burn- fire hazard in space flight must

ing of fuel vapor dropletsin air. 9 arise from the special conditions
of IVA and not EVA.

Md___£= (45B) 0.75 [ (_d3)0"25_

k L a J Several extensive studies have
been accomplished aimed at de-

where M ffiVaporization rate per fining the extra hazards intro-

unit face area. duced within the space cabin in

space flight. Final and exact

d = Droplet sphere diameter answers to these questions must

await combustion experiments

c = Specific heat scheduled for future flights. It

is known that past flights with

k = Thermal conductivity i00 percent oxygen cabin atmos-

pheres were relatively more hazard-
B = Transfer number, a fuel ous than an Earth environment.

function Not only may more oxygen be avail-
able but the lack of a diluent

g = Acceleration due to atmospheric gas also contributes
gravity to the shortened time scale and

higher temperature of combustion
a = Thermal diffusivity found in cabin fires under I00

percent o_ygen atmospheres.
• Even though the equation indicates

so, the conclusion obviously cannot No attempt will be made here to --
: be made that the burning rate is reassess or restate these extensive

zero when g is zero. R_th suggests studies except to accept the en-
an equation of the form vironment as a potentially more

positive fire risk and to refer-

Mg = Mo 0 + f (g_ ence prior Lest data as it
1 specifically applies to operation
i The function f (g) would be relative- of or to materials of construction

ly small compared with unity, and the of the space tool power source.
subscripts g and o refer to gravity

and zero-gravity cases. In any case

the lack of normal convection current The Power Tool as an Ignition

._ per se will reduce the major natural Source s

oxygen replenishment mechanism

i found operating in an Earth atmos- All power tools have certain

i phere (convective) fire. common potentials as ignition
sources. In this function the

The extravehicular environment tool would serve to io_ite another
is considered by most authors as a fuel or combustible. This is the

natural fire extinguisher for fires major terrestrial danger consid-

that may break out even inside the ered for constructing and using

cabin. The procedure suggested is nonsparking tools in highly com-

to depressurize the cabin to the bustible or explosive atmospheres.

exterior vacuum in case of internal The problem may be more severe in

J cabin fire. space cabin atmospheres. Minimum

IV. 1.4
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ignition energies are lowered with undez dry atmosphere conditions,I0
increased cxygen partial pressure, can create an electrically iso-

Hu_gett et al. showed slightly low- lated surface which could storc

er ignition energies for some common an electrostatic charge.
materials required in space cabin

atmospheres as compared to ignition Frequently aluminum products

in air. II are processed through one of the

12 anodizing processes. Anodizing
According to Voigtsberger and processes control the formation

Roth 2 the spark energies required of aluminum oxide on the alumi-

to ignite common clothing materials num surface; usually it is done

may be decreased more than one to give the surface a harder,

thousand fold in pure oxygen to more wear resistant finish of

levels similar to those of electro- from 25 to 26_m (I to 3 mils)
static sparks from the human frame, thi-kness. The "hard coat"

The rate of burning after ignition process is a special anodizing

of some ce..-=n_.ensp_._. =abin materi- process which gives a surface

als may increase b ive fold on from 177.8 to 304.8_m (7 to

replacing air with oxygen. Propa- 12 mils) or more and is especially
gation of flame may be much faster long-wearing and abrasion-
in the gas phase. I_ There are resistant.
certain ignition source modes which

are common to every tool regardless Such coatings pose a hazard
of the type of power source. These and should be avoided to reduce

are discussed in the paragraphs the electrostatic spark hazard

below, from aluminum surfaces. Further,

should aluminum be perferred be-

Electrostatic Sparks. In cause of its other properties to

general, the grounded all-metal another nonsparking alloy, such

tool housing would not be expected as beryllium-copper, which does

to build up or hold an electro- not exhibit the tendency to auto-

static charge in normal use. oxidize to a dielectric surface,

Electrostatic spark potentials can then special surface finishes

be accumulated only on parts of a should be developed for the

: device which remain electrically aluminum housing. Such surface
isolated for a sufficient period, finishes would coat the alumi-

i Under certain conditions aluminum num with a thin, conductive,

: alloy housings, as might be used nonsparking, non-auto-oxldlzlng
• in all types of tool housing could material. Care must be taken in

become electrostatically dangerous, such a coating process to insure

that the coating is applied

, Aluminum is a chemically reactive airectly on the aluminum base

material, especially with respect metal. An equally dangerous

[ to its combination with oxygen, capacitive spark source can be

! The aluminum oxide product is highly created should a conductive coat-

i adherent to the base aluminum, is ing be placed over the aluminum

i_ chemically inert, hard, dense, oxide coating.
mechanically strong, and serves to

protect the base aluminum from The vane air tool has another

further oxidation and other chemical type potential electrostatic hazard.

attack. Aluminum oxide is also a The rotating vanes themselves are

dielectric material. Its formation usually manufactured to phenolic-

on the aluminum surface, especially impregnated linen-fiber material.

Iv.
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This material can generate electro- triggers the chemical reaction

static sparks which would discharge (flame) in a very small sphere of

vane-to-housing. The high moisture the combustible mixture. For

conditions of most delivery air in some time it has been known that

terrestrial maintenance shops would continuation of the flame front

serve to reduce or eliminate such and development of a general fire

a conditions here on Earth. In a will depend on whether the small "'"

dry atmosphere the high rotational initial sphere can propagate with-

speed might help compensate for the out being extinguished. 2 The

low insulated surface (vane) area electrode gap may act as a quench-
and an electrostatic spark hazard ing agent on this small flame.

would exist within the air tool. Figure i shows the dependence of

Development of conductive vane the critical (minimum) energy for

materials or conductive surface ignition on the gap length.

coatings would eliminate this

hazard in the air tool. From this graph it can be seen

that gap lengths shorter than the

Switch Sparks. The electric motor mini_e., will require greater spark

- as a primary space tool power source, energies to propagate combusion.

or as the power drive in a hydraulic A spark gap will begin to dissi-

system, would have whatever ignition pate its energy almost immediate-

hazard is offered by sparking at an ly in the case of "break" sparks,

on-off motor switch. The gas power the left hand branch of the curve.

source does not offer this particular In this case tbe close spacing of

hazard. By definition such sparking the operating contacts may serve

can occur only between the contact to quench the process. This in-

points in the switch. The problem dicates that "make" sparks will

of the ejecta-spark, or ejected hot be more dangerous than "break"

particle, as an ignition source is sparks. There are other factors

treated separately in this report, operating in break sparks in motor

The physical arrangement of such circuits, however, which makes the

electrodes is such that the practi- energy available in motor circuit

cal danger of a fire being initiated "break" sparks more than that

! by this spark is offered only to energy available to the switch in
, ignite that fuel supply which can be "make" sparks. These effects will

brought to the spark, i.e., passed be considered later.
: between the electrodes. Gaseous

fuel-oxidizer mixes meet this re- The minimum ignition energy

quirement and will be treated as the also depends on the fuel-air

only probable fire threat offered ratio for any given combustible

by the switch spark. The major mixture (Figure 2).
: space flight atmospheric variables

' of the type of gaseous composition, The relative diffusivity of

the percentage of oxygen, and the the fuel is also a control on the

total pressure affect both the mini- minimum ignition energy. For a

mum electric gap length required to homologous series of hydrocarbon

ignite a given gaseous fuel-oxygen fuels the minimum ignition energy

mix and also the minimum voltage for shifts toward higher stoichiometric

the production of the spark, l],r4, 15 fuel-air ratios.

Short-time sparks supply the A practical demonstration of

energy necessary for ignition in the wide variation of minimum

a few microseconds. This energy ignition-gap length on oxygen

IV. 1.6
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FIGURE 2

MINIMUM IGNITION ENERGY VERSUS GAP LENGTH
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concentration for two coranon gaseous shows a plot of Vb versus the

hydrocarbon fuels (gasoline and produce pS.

ethyl ether) is shown in Figure 3.

As the percentage of oxygen in the The minimum breakdown voltage
air is varied from 20 to 75 percent, of 330 volts, occurs at pS = 9.117

the minimum spark gap for ignition N/m2-cm(2 x 10-3 atm-cm). This

of gasoline decreases from 0.089 mm general curve of Paschen has been
down to 0.001 mm. These test results reproduced by the data of more

show the minimum spark gap required recent investigators. 16 Recently

to ignite a gaseous fuel at atmos- Germer 17-19 investigated very

pheric pressure decreases by a closely spaced electrodes down to
factor of more than !0 when the a spacing of 1 x lO-5cm (IO00A).

oxygen concentration is increased He found arc ignition below
from 20 percent to above 75 percent. Paschen's minimum of 330 volts,

even down as low as 50 volts. Arc

Figure 4 shows the effective in- ignition at these very close spacings
crease of the fire-ignition hazard is explained as resulting from very

with increasing oxygen concentration, high field concentrations occurring

It decreases with decreasing total at surface asperity peaks.

pressure. From atmospheric pressure

101.35 x 103N/m 2 absolute (14.7 psia) Most electric tools in the range

down to 19.99 x 103N/m 2 absolute of consideration of this report

(2.9 psia) the minimum ignition will use power circuit voltages

energy decreases by a factor of I0. much lower than Paschen's mini-

mum ignition voltage and even

The data of Figures 3, 5, and 6 considerably lower than the 50

taken together indicate that in the volts found at extremely close

current space cabin atmosphere and spacings by Germer. The conclu-

those found on projects Mercury and sion is that 'Rake" sparks in

Gemini, the overall result of in- tools using 30 volts or less do

creasing the oxygen concentration to not constitute an ignition hazard

I00 percent and decreasing the total from the 'Rake" spark switch source.

pressure to 24.13 x 103 to 37.92 x

103N/m 2 absolute (2.5 to 5.5 psia), An interesting aspect of tom-

decreases the minimum spark ignition bining the information from the

energy by an overall factor of 12 data obtained from Figures 3,4,

to 70. and 6 is presented in Figure 5.

, Considering a cabin atmosphere of

In considering the development of more than 80 percent oxygen con-

sparks at switch contacts there -_e tent and a minimum gap length in

two separate and different condiLions: this atmosphere which will ignite

The 'Rake" spark and the "break" most low molecular weight hydro-

spark. The "make" spark, or break- carbons 0.0025 cm (0.001 in.) we

down potential, Vb, is a function calculate and plot the curve of

of the type gas and the product, dS, Paschen's breakdown potential

where _ is the density of the gas versus gap-pressure. This com-

and S the gap.width. Considering posite curve shows several im-

the temperature to be constant, we portant facts relevant to the

may replace this produce with pS, operation of electrical switches

where p is atmospheric (or space under space cabin and space flight

cabin) pressure and S is electrode conditions:

gap width. This similitude law is

known as Paschen's law. Figure 6 i. The electrical breakdown

IV. 1.9
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FIGURE 5

ARC BREAKDOWN POTENTIAL AS A

FUNCTION OF GAP PRESSURE
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gap length is a minimum in the the breakdown of insulating films

I00 perccnt oxygen atmosphere at originally found covering the con-
between 39.99 x 103N/m absolute tact surfaces. This breakdown is

_.8 psia) and20.68 x 103N/m 2 accompanied by local conduction,

absolute (3.0 psia). This intense localized heating of these

pressure range is precisely that conducting points, and melting of

range in which past and present the fritting spot with subsequent

spacecraft atmospheres have been formation of the molten conducting

operat,,d bridges. 15 The actual conducting
area is small and the current

2.Pressures lower or higher than density in the areas is very high.

-_ the range 20.68 x 103 to 39.99 x Contacts carrying only a few9

10_N/m - absolute decrease the amperes, such as a switch cutting

danger of development and igni- the power to an electrically power-

tion of "make" sparks. The ud hand tool, may have current

lowest pressur_ (EVA) is con- densities of the order of 108amps/

sidered a much lower r_sk. The cm 2. The importance of this high

reduction of 'bake spark" risk current density passinE thr)ugh
at high pressures suggests that the resistance is not found in its

the solution should be a hermeti- electrical resistance, which is

cally-sealed pressurized switch, usually only milliohms, but in its

thermal capacity. Most of the

3.Reducing the electrode voltages energy lost in passing throuBh the

below 330 volts, especially be- contact surfaces is lost as heat

low 50 volts, practically elimi- energy (Ic_Rc) generated in the
nares 'bake" spark risk. immediate vicinity of the con-

ducting aspherities. Because of

i The "break" spark is fundmnen- the small thermal cap_city the

tally differe_Lt from the 'bake" spots exist at higher temperatures._z
spark. There are two major differ- The second sta_e of the process

ences which apply to the conditions of fritting, called "B" fritting,

just preceeding the creation of the operates in such a way as to keep

"break" phenomen3n a_ compared to the bridges molted. If the current

the " make" condition: increases, "B" fritting generally

results in the molten spots in-

)..The surfaces are in mechanical creasing in size to maintain nearly
contact, thL same value of constriction

resistance and to carry the extra
i 2.Scme parts of the surfaces are current.15

carryin_ the circuit current

: (Ic)- Under breaking the contact we

start with the molten conducting

C_nsiderable work has been done bridges and begin to reduce the
.i, on the nature of coutact of these normal load. The area of contact

surfaces. 15,16,20 The actual area decreases and consequently the

of mechanical contact, even for the constriction resistance, current

smoothest surfaces, is at most about density, and temperature increases,

0. I percent of the mechanical con- and the material in the bridge

! tact surface. The conducting spots vaporizes as the switch opens.

or constriction areas are thin high- The opening switch thus creates

ly-con!uctive bridges. The bridge_ its own high-temperature, highly-

: are formed by a process called frJt- conductive, vaporized metal, or

ting. "A" frittlng generally meano plasma path which constitutes the
!
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beginning points for the drawn where Ec is the last voltage
spark or arc. Once such a high- across the switch contacts. #_ter

temperature vapor path iE formed ignition the circuit varies as:
it will draw out a spark or arc
until either the current or volt-

dl

age goes below a value necessary E = IR + L_ + V (I,S)
to maintain the uonducting path.
These shortest-arc minimum values

where V(I,S), the spark voltage,are known as minimum arc current
is a function of I and arc length

(Im) and minimum arc voltage (Vm).
Both of these important limi_ de- S.

pend on the cathode materials.

Values of Im and Vm for typical The presence of capacitance and
switch contact materials are: inductance in most power circuits

may lead to arcing and sparking in

I V circuits otherwise operating below

m m Im and V_. The inductance may
_ provide voltages higher than the

Carbon 0.01 15-20 prime supply voltage and pulse

Silver 0.45 8-12 currents higher than Immay be

Copper 0.43 12 drawn from the capacitance.

Tungsten 1.0 10-15
Ejecta Particle Sparks. Several

These minimum values are within types of hot incandescent particles

a range which can be developed in may be created and ejecte_ by tools:

adc space tool power circuit.
The conclusion is that "break" Metal strike sparks. "Sparking"

and'hon-sparking" metal tools havesparks are possible in the low

voltage space tool power circuits long been considered in explosive
or potentially dangerous atmos-

and constitute a potential ignition
hazard, pheres on Earth. There are two

major chances for developing

metal strike sparks in space,The extinguishment of the break-

spark hazard is possible if we could striking the tool housing and

reduce either the current or voltage metal sparks generated in the im-

before contact separation below the pactor mechanism of some cools.

minimums. It should be recognized

that in power too_ systems a further The U. S. Department of
consideration musL be made. These Commerce has done research on the

circuits contain inductance and sparking of metals in an atmos-

capacitance, and in dc systems under- phere which has some relevant& to

going a transient (switching) condition space cabin atmospheres. In this
work the sparking characteristics

the inductance serves to supply higher
and the ignitability of flammabletransient circuit voltage values than
mixtures were tested under in-

occur during steady electrical con-
creasing concentrations of oxygen.ditions. Even though the power

circuit could be designed and The results of these tests are
summarlzed in Tables I and If.

operated below the minimum arc

current (Im) , on switch opening the These tests showed that metals

inductance would operate to pre- safe from strike-sparking, flsmmable,
and explosive high-oxygen atmos-vent any circuit changes, and arc

would ignite at: io E-E c pheres include maganese bronze,= _ phosphorus bronze, aluminum
R
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bronze, commercial brass, aluminum, materials/design compromise, should

and beryllium copper. Unsafe metals this become necessary.

include carbon steel, carbon tool

steel, stainless steel, and monel Incandescent carbon wear parti-

(nickel copper), cles. In some space power tool

machinery we have situations where

A fortunate result from these carbon elements are in sliding

test. is that aluminum and high- contact with metal surfaces. This

alum.num alloys frequently used occurs in the electric motor where

in the tool housing are non- carbon brushes rull against metal

sparking with respect to strike- or slip rings or against metal co_mu-

abrasion-generated metal sparks, tacor segments. In gas (air)

Since regul_r prediction of metal powered tool motors the vanes may

strike-sparks from a tool housing be carbon or they may be of phenolic-

under use by a man is impossible, linen composition which can pro-

the only approach that can be duce small fragments with high

accepted is to manufacture the carbon content. The question is

housing of such non-sparking whether these particles may become

materials, incandescent and serve as a poten-

tial ignition hazard.

The condition in the impactor

mechanism is more predictable than The literature search shows

in the tool housing, is more con- only two cases translatable to

trollable in design, and can be potential space cabin hazards.

tested for possible sparking after One case is poor cummutation of

i construction. Most impactor the electric motor. Poor commu-

mechanisms have relatively flat tatio_ can be caused by vibration

' anvil/hammer surfaces,with little of the brushes mechanical and

abrasion and surface shear occurr- electrical defects in the motor,

ing in use. Simple substitution high alEitude effects in the brush,

of non-sparking alloys may be possi- etc. Under poor conm_utation,

ble since the hardness of non- streamers of hot particles thrown

sparking aluminum-bronze alloys out from under the brush are

(Rockwell B93) compares favorably observed. These are organic

! with the steel materials (B90 to impregnations in the brush

; B92) sometimes used. However, only material which are heated by

the tool designer in the original sparking and arcing during the

, design process can adequately deficient commutation. A similar

evaluate the substitution of these mechanism was observed by Buckley_ Il

i specified non-sparking alloys in whose group investigated sliding '
j the impactor section. Other factors carbon wear surfaces on metal

i under the designer's control include both with and w_thout an electri-

maximum impact pressure (the im- cal potential across the carbon-

pactor surface area), the shape of metal interface. Fires in

the impactor surfaces,and the geo- combustible mixtures were gener-

metric impacting conditions. Using ated by incandescent wear particles

all the available design conditions in these tests, but only when an

the impact mechanism can be made electrical potential was placed

safe from metal strike sparking, across the carbon-metal interface.

' Test procedure_ simulating IVA and For incandescence, the values of

EVA use under long term normal and voltage and current had to be

! possible failure mode should be used above 106 Vac and 0.3 ampere.

t¢ verify the adequacy of any An electric power tool in normal

IV. 1.18
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use would carry more than this from their oxido lattice crystal

minimum current, but dc power tools formation by the very active
would not be expected to carry this aluminum atom. The oxides of

order of voltage magnitude. The manganese, chromium, vanadium,

hot incandescent ejecta particles lead, and nick_:i az_ also capable
observed in electric motors under- of "thermite" reaction _i_h

going poor commutation may be caused aluminum. Aldminum reacting with

by momentary surge voltages gener- iron oxide is the reaction which

ated by the motor circuit induc- offers the greatest hazard poten-

tance and capacitance, which can tial since iron alloys and alumi-

operate during transient high-load num are frequent materials of

electrical conditions and create construction within the space

suroe voltages above this mini- cabin and power tools.
mum. Under this condition the brush

may be operating as a apecial case The oxide of iron forms normally

of the "break" spark found in the on most steels and, since the

ordinary switch, reaction product occupies con-

siderably more volume than the

Electrical power tool motors are unreacted iron, has little ad-

known to offer the hazard of hot herence to the underlying base

incandescent ejecta particles from metal, the oxide is usually found

the carbon-brush metal interface, scaling off as small particles.

The gas powered van- motor is not The oxides of iron progress from

known to show this _ource of FeO to Fe304 and finally to Fe203,
ignition hazard when operated with all of which will react. Such

compressed air. small particles, when struck by

or against aluminum could become

Solid state reaction sparks, incandescent thermite spark sources.

There are two solid-state chemical That impact i_ sufficient to ignite
reactions which are possible "+_wz_,- these sparks was quite well point-

in a space cabin. These solid- ed out by Kingman et al. 22, work-

state reactions would not be ing with aluminum paint on rusty

directly dependent on the oxygen steel. .'_,eseinvestigators found

atmosphere and would therefore be no difficulty in striking ther-

an equal risk as a spark ignition mite sparks of sufficient in-

source within or without the cabin, candiveness to ignite combustible

The two reactions are: gases. All that was found neces-

sary :#as two reacting components

Fe203 + 2AI--_AI203 + 2Fe + AH and sufficient impact to start

(Exotherm) the reaction. Sources of energy

such as elects!2 sparks, hot sur-

Ni + AI---_NiAI + _ H (Exotherm) faces,frictio_, _nd shear would

also initiate the reaction in air.

These two reactions are considered The most expected reactio_L would

not. only because they are thermo- be between Fe304 or Fe203 alumi-
@_namically capable of producing num. The typic I exotherm is:
incandescent particles but also

because the solid phases necessary 3Fe304 + 8AI--_4AI203 + 9Fe +

! for the reactions may be found 793 kcal

throughout the construction of th_ kg mo],

spacecraft. The iron oxide reaction, with aluminum is characteristic of Based on this exotherm the reaction

several metals that can be replaced can be classed among the high heat

i

!

I IV.l.19

_lrl i

1971066602-192



fuel reactions and such small in- The nickel aluminides are form-

candescent particles would be a ed as a metallurgical solid-state

definite ignition hazard, reaction _on" pure niGkel and
aluminum. The reaction is highly

Visible areas of rusty steel exothermic and small particles can
such as those with which these become incandescent. This materi-

researchers wdrked are not ex- al is used as a substra _ bond

pected inside a space cabin, coat in _prayed metal system_;

However, some quantity of oxida- part of its unique ability as

i tion product from the several such a universal bond coating is
steels present could be expected that it arrives on the metal sur-

and the presence of larger areas of face in such a highly active exo-

aluminum would also present a sit- thermic condition. When pure

uation favorable for the reaction, aluminum powder particles coated

Such situations might be found with pure nickel are sprayed

where the aluminum housing of the t'_rough an ordinary _iame spray

hand tool (gas, electric, or hy- gu': the metal particles are ob-
draulic powered) might b_ _ tuck served to be cf maximum incan-

, against a steel surface. The descence bayond the hottest part

ordinary impact metal-sparking of the flame. They are found, in

characteristics of aluminum fact, to i_crease their tempera-

ii agalnst iron are considered to be ture after passing through the

a "safe" or "non-sparking" combi- flame because of the high exo-
nation (discussed elsewhere in this therm of the Ni-AI solid state

report as metal "strike" sparks); reaction. A temperature of 922°K

however, slight iron rust would (1200°F) can initiate this exo-

! change this. therm but no information is

avail_ble indicating the impact

! While oxygen does not enter di- sensiL. Jity of the reaction. 23, 24
rectly into this reaction, the

oxygen atmosphere would be con- A complete metallurgical solid
ducive to formation of iron rust; solution series is formed between

i thus the cabin atmosphere is in- i00 percent aluminum toward I00

,_ directly involved in forming one percent nickel. This metallurgi-

of the reactants, cal formula is usually written:

! Other areas where this reaction (I-X)AI(s) + X Ni(s)--PAI(I_X)+ A H
might offer danger in tool opera-

tion would be inside t_ air tool where X = Atom fraction of the!

rotating mechanism and at the anvil- component ,

_ hammer interface on ordinary impactor and S indicates reaction in the
mechanisms. The vane-to-housing solid phase

' interface in the air tool usually A H = Enthalpy change in

finds the vanes running a tight fit cal/g-atom
with high rotational speed agaipst

the aluminum tool housing. A In the Ni-AI series four incer-

particle of Fe203 would have oppor- mediate pahses are known; all

tunity to find sufficient alumi- combinations are highly exother-

' num and initiation from Impact/shear mic. Any combination above 0. I
for thermitereform of steel. Here mole fraction of either material

an aluminum flake could find both in the order exceeds 16 736 joule/!

impact and iron oxide particles on g-mole (4000 cal/g-mole) in valuei

the impact surfaces, fortH. For most exothermic

IV. I. 20
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solid-state pure metal reactions enter directly into either thermite

16 736 to 25 104 joule/g-mole or Ni-AI reactions. Once initiated,

(4000 to 6000 cal/g-mole) is a they occur euqally well in any

high exotherm. The formation of atmosphere, in any inert gas, or

nickel aluminides fines a miximum in the space vacuum (EVA) condition.
exotherm between 0.4 to 0.6 mole T_heir direct reaction hazard does

fraction of nickel reacting with not depend on the presence of

aluminum, with the peak exotherm freely available oxygen. However,

going over 58 576 joule/g-mole oxygen and the hard vacuum will

(14 000 cal/g-mole), affect the physiczl aspects of

these reactions. First, the iron

Aluminum is a common space cabin oxide reactant which is expected

material, but free nickel is not to b,_ the only probable thermite
as conlnon. Nickel is sometimes used reaction is formed from free atmos-

to plate aluminum which is to be phevic oxygen. The ignition hazard

soldered or have a low temperature of this particular thermite reaction

braze accomplished later. A spark defends on the prior atmospheric

drawn to such a housing would raise ox,,_en history of the iron rust

the temperature of the reactants so, _ce.

and initiate the self sustaining

exotherm. No data on the action Since tb_se _olid-state reactions

of these two materials under impact are hazar¢ ignition sources the

is available from the literature, total risk i_¢olves the potential

Comparing the thermodynamic data of for de_lo!..ng a fire in other

the reaction, the reactants, and the fuel or combustible materials. The

products of the nickel-aluminide presence of free atmospheric oxygen

to the thermite reaction suggests will determine the potential effec-

that Ni-AI would be an impact- tiveness of these hot particles as

sensitive reaction. As such it fire starters. In the space vacuum

would operate much as the strike the ris_ of fire from ignition by

sparks for sparking metals or for these particles is much lower;

impact generated thermite sparks, perhaps the oply risk here is the

In the range of approximately potential burn-through of the

equal mole fractions, especial]y pressure suit.
when small flakes of either materi-

al were to be brought into intimate The oxygen exposure histroy of

contact with the other reactant, the aluminum reactant in both re-

an incandescent spark source could actions will also operate in a

result which would be capable of very special way to influence the

serving as an ignition source, potential hazard. The represen-
- tation for these reactions is

The pure chemistry and metallurgy usually written as the chemical
of these two different solid-state reaction:

reaction i_ition hazards give only

a part of ghe true picture. The Fe203 + AI_
crnditions of I00 percen_ oxygen in

t_e cpac= cabin atmosphere and the or

EVA use of space power tools bring

up additional physical considerations Ni + AI -_
which will now be considered.

These type fc':mlae alone imply the

AtmosFheric constituents do not physical conditions:

i
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are removed with only small

'- .f-"_ energy levels, can be penetrated

Fe203 AI " rather easily, and do not serve
,......... ._.j," to influence the reaction strong-

ly. They are effectively de-

Iron rust particle Pure alumi- stroyed by heating to a few

num reactant hundred degrees. The aluminum

particle oxide film is quite different
from these other adsorbed films.

i or The forces bonding the AI203 with-

f.-_ ,..-_ in itself and to the base metal
]

, _ are quite hLgh and very stable.

, Ni : + AI The oxide surface is chemically

_--_/ "_--'/ inert and a highly refractory
Nick_l reactant Aluminum re- material. It is not broken or

particle actant particles penetrated easily and if pene-
trated will reform almost immedi-

These are not true physical states ately in the presence of oxygen.
of materials under the usual Earth-

bound or space cabin atmosphere re- There is no large volume change

acting conditions. A more precise for aluminum oxidizing to aluminum

physical picture would be: oxide; therefore, there is no in-

herent scaling off of the oxide

_. .4.f_:_ film as occurs during the formation

iFe203"
AI of rust and othe# oxides The

I ._==_, _. result of increasing the energy
I level (heating, etc.) in the pre-

; Iron rust particle Aluminum re- sence of atmospheric oxygen is to

i with adsorbed film. actant particle increase the diffusivity reaction

with aluminum of oxygen through the AI203 film;
oxide film & and consequently increase the

adsorbed film. depth of the protective alumina

film. In the research by Pilling

or and Bedworth,25the actual reaction

">+ _'" of metals with oxygen in forming

, :_ Ni :+ AI or not forming a protecti_,e film

._...__._.......... is indicated• Metals fall into

Nickel reactant Aluminum re- two categories; the category to

material with actant materi- which aluminum belongs is among

adsorbed film. al with oxidized metals which do not ignite until

aluminum film & after they melt. Melting and re-

adsorbed film. sultant liquid mobility causes

rupture in the protective oxide

These sketches represent the more film; effective high-temperature

correct physical conditions of combustion (rapid oxidation) is

! the atmospheric reactants, also suppressed by the adherent

alumina film and does not proceed

lhe adsorbed films are only until that film formation process

lightly held with forces on the is disrupted. The basic reactivity

+ order of Van der Wall's bording of pure aluminum m_L_l is much

I levels. The most tightly held of higher than the reactivity foundJ
i these would be the polar adsorb- and expected in Earth atmosphere

- ants such as water. These films use. This reduction of apparent
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reactivity and tlle performance at,d operations conducted inside the

uses of aluminum on Earth is de- cabin or in Earth atmosphere.

pendent on the peculiar combination

of properties of the aluminum Hot Surfaces.

oxide surface, and the normal at-

mosphere in which we ordinarily Gas and hydraulic power. A

use aluminum, survey was made ef the minimum

plate ignition temperature for
In the space vacuum we may have various combustible fluids an]

the physical conditions: gases which might be expected

within the space cabin. This

- survey showed that under the

Fe203 + A1 maximum oxygen concentration ex-

........ pected in any space cabin the mini-

or mum ignition temperature for hot
.....\ .... surfaces would be 461 to 478°K

Ni : + A1 (370 to 400°F). From this the

_ : maximum safe surface temperature

for any exposed tool surface

Here pure aluminum surfaces would was considered to be 408 to

not form or reform the protective 422OK (275 to 300OF) in this

film. Under conditions of hard report.
vacuum the thermite and exothermic

metallurgical reactions could pro- The continuous flow of fluid

ceed with: in both hydraulic and gas power-

ed tools reduces the potential

i. Lower initiation energies tool housing surface tempera-

l than these same reactions ture rise well below the ignition

in Earth atmospheres, temperature during normal operation

of the tools. These two types of

2. Higher reaction rates than tools also show safe performance

thes_ same reactions in Earth under high-load or stalled-loading I

atmospheres, conditions. Gas and hydraulic

powered tools offer no hazard as

Considering that these exotherms potential hot-plate ignition

are equal to or above the energy sources under either normal or

levels for many fuel-oxygen com- overload operation.
bustion reactions they should be

investigated as carefully and Electric power. The electric

' approached with as much caution as tool has no internal flow of fluid

th_ increased risk of fire in i00 which will carry off heat. The

percent oxygen. Under space tool generates heat from two major

vacuum, in drilling through alumi- sources, frictional heat in bear- _J-
num with a steel bit or in cutting ings and brushes and electric

or shearing aluminum sheet with high- power resistance heat (12R).

iron alloy blades, in chiseling, Heat dissipation is by convection

hammering, and other maintenance to the atmosphere and by radiation.

i op, rations, whether by powered or Space conditions affect frictional

hand tools, the extra reactivity heat, developed mainly in the brushes,

i of non-oxide aluminum surfaces can and both major methods of heat dissi o|

i offer a greater potential hazard pation. The interrelation between

! for producing incandescent solid- these factors is complex; there-!
_I state reaction sparks than the same fore, the several vacuum tests on
i
i
!

i
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previous dc ,electric power tools copper is also over this tempera-

and the well documented performance ture, the indication is that these

of brushes under vacuum were con- motor brush temperaturts were high-

suited to de_ermine whether the er than the safe surface tempera-

maximum hot-surface temperature of tures for hot-surface ignition.

422OK (300OF) could be expected The brush leads and solder are

under vacuum conditions, near the top of the brushes away

from the running friction surface.

USAF report TDR-63-4227 docu- It can be expected that the friction

mented the vacuum tests run on a surface, the area on which the

186-W (0.25 hp) electric impact friction heat and £esist_.'ce heat

tool developed by the USAF for losses are developed, attained a

space uses. Tool housing tempera- higher temperature than did the

ture was measured at six points on soldered end of the b_ush.

the tool housing and an atmosphere

of near vacuum was held 6.7 x 10-3 The Martin Company also d -

N/m 2 (5 x i0-5 mm Hg). The test veloped other electric power

was run for over 2 hours on a duty tools for NASA and for experimen:s

cycle ot 4 seconds on and 3 seconds on the Gemini flights. 5 Tool

off. A locking device prohibited housing temperatures were measured

the output shaft from rotating, during vacuum tests in both develop-

which simulated a maximum load ment programs. Operations were

condition. During the two-hour usually conducted sc that the tool

test the thecmocouples showed a was overloaded beyond its expected

• maximum rise in temperature from use. Case temperatures did no_

around 292°K (65°F) to 353 to 355°K exceed the 344 to 355°K (160 to

(175 _ 180°F). 180OF) levels aLLd show that the

overall motor housing is not normally

During this test several problems a hot-surface ignition problem.

were noted concerning the operation Problems were encountered in the

of the con_nutator brushes. In- same area of motor stalling, un-

creased arcing ,as observed in all expected low speed operation and

i tests. In some tests the brush excessive electromagnetic radiation

I arcing wa_ considered excessive and (interference). These problems
the test was halted because of it. were traced to the motor brushes.

Motor brushes were replaced with No information as to the tempera- -.

• brushes developed by Stackpole t,,_e of the brushes was given in

Carbon Co. especially for exposed t_lese two tests.

, high-altitude use. These brushes e

I alse arced noticeable during the The higher brush temperatures
vacuum tests. Although the tests and erratic brush operation ex-

_I were not halted by test personnel perienced in all these tests can
because of visible arcing, the motor be expected. A]I the available

did run erratically during tests literature on brushes shows that

using these special Lrushes. spe_ial problems _re inherent in

• brushes operated at high altitude -

Inspection after the motor stalled These special p£oblems have had

'_ sh_,ed that the copper brush leads considerable attention since theA'
had softened during the test and early 1940's. Since then regular

I the brush solder had also melted, operation of large numbers of motors
I Since most solders melt at tempera- on aircraft at high altitudes has

! tures above 408 to 422°K (275 to been com_lon and the problem and

300OF) and the softening point of solutions have been studied.

_...- _V 1.24
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The major baaic changes in high- under cacuum operation.

altitude operation of brushes comes

wltlL increased arcing resulting Under stalled rotol or other

from low gas pressure (already dis- failure mode of operation the

cussed in the "switch sparks" section tool housing surfaces wou]d be-

of this report) and the increasL' in come excessively hot, but only

friction of sliding solid lubricants after several r_inutes under

operated at very low pressures. The stalled conditions. Since the

basic studies have shown that solid tool will be hand held in use,

lubricants depend on small amounts continued long-time operation

of certain aJ_orbed impurities to at _tall can be avoided. The

show t_e io_ friction characteris- effects of shorted windings and

tics. 15,20,28 even stall overload can be avoid-

ed by fusin_ the tocl. The

Carbon b:" "hes, with the proper pressure sult and other pro-

_ so_Jd-state _Lricant adjuvants, tective outer gear and operation

shuw normal friation coefficients within a va_uun will prevent the

of 0. i. In high altitude operation, _strondut from easily sensing a

where all water of hydration is tool housing temperature rise.

driven out of the br_ishes, the Therefore some additional de-

friction coefficients will sudden- lice(s) should be built into

ly increase to va]ues 5 to i0 times the tool to indicate tool hous-

normal. The result is catastrophic ing temperature to the astro. _'

wear, excessive heat, and generally naut during use,

poor operation of the brushes. 29

The potential (voltage) drop The Power Tool as a Source of

across the brush-collector intel Fuel

face is also subject to small changes

in the constriction resistance, Metal Fuels. The major _ass

which is in large measure a function of material is composed of the
of the condition of the solid films _netals ,_f which the tools are

formed at the interface. Thus, manufactured and the metal _;truc-

constriction resistance becomes tures on which _h_ tools are used.

important in determining the elec- Even though metals are not general-

_ trical temperaLure generation. In ly classed as fuels, we must be

the case of high-altitude operation, concerned with the fuel potential
' the temperature is dependent on of metals in c_,mbustion reactions.

only small changes in the ..c_Lstriction From the sta_idpoint of heats of

resistance. This dependence is shown combustion, metals compare favor-

in Figure 7. ably with recognized fuels, '
Table Iii shows tPe heats of

Considering tha_ both friction combustion of several space- :

hea_ and electrical heat generated craft materials compared with
at the brush-collector interface se_,era_ fuels.

are higher and that either heat _

source may exceed the maximum safe In determinlng the relative

ignition temperature (also con- value of a material as a practi-

_i sidering that convective heat cal fuel or as a hazard as a fuel, •

transfer in the vacuum _s p_acti_ other properties must be consider-

cally nil), it should be expected ed. The reaction products of the

that the brush troubles e,,iJenced combustion reaction have a large
in the tcsts are to be in_urred influence on the character of the
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TABLE III. HEATS OF COMBUSTION

Combustion At. or J/kg BTU/Ib
Fuel Products Mol. Wt. Fuel Fuel

Carbon (C) CO2, CO 12 32 768 400 14 I00

Methane (CH 4) CO2, HoO 16 55 776 000 24 000

Acetylene CO2, H20 26 48 804 000 21 O00

(C2H 2)

f

Beryllium BeO 9 67 396 000 29 000

(Be)

Magnesium MgO 24 25 564 000 II 000

(Mg)

Aluminum AI203 26 30 212 000 13 000
: (AI)

Titanium (Ti) Ti203 47 15 803 200 6800

Iron (Fe) FeO 56 4 648 000 2000

IV.I.27
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reoction. Combustion of the common ture combustion of molten alumi-

fuels listed above, such as carbon, num. Therefore aluminum is not a

methane, and acetylene, produce practical safety hazard.

gaseous combustion products which
do not interfere with the access Titanium is similar to alumi-

of oxygen to the remaining hot fuel num. Although the oxide reaction

! surface. Magnesium is a metal fuel product is not as adherent, it

which has a solid combustion product will tend to protect the metal.

(Mg0). The cubic oxide crystal Research on titanium combustion

particles formed, however, are not in I00 percent oxygen showed that

compatible with the hexagonal titanium would ignite spontane-

crystal structure of the basic ously under static conditions in

metal, and evolve from the com- pure oxygen and at pressures of
bustion in a cloud of smoke 24.13 x 105N/m 2 (350 psi) or

composed of small white particles, more, but only if a fresh surface

This process is very similar to is created, such as by scraping
the combustion of the carbonaceous the surface. Under dynamic

fuels listed above, and no inter- conditions, such as material
ference is offered by the Mg0 rupture under stress, the same

' product to the further combustion condition applies, but down to

of the parent metal surface, pressures as low as 34.47 x 104

Magnesium is therefore a threat N/m 2 absolute (50 psia).

as a metal fuel. This particular

i reaction is well known and usually The practical value of any

is a major consideration in pro- metal fuel, then, is complex

jected aerospace uses of magnesium, and will depend on the heat of
reaction; rate of reaction;

Aluminum's reaction with oxygen ignition temperature; stability,

has been mentioned previously, physical, and chemical nature of

The reaction product is tightly the reaction products; dissoci-
adherent to the base metal and ation pressure and heat capacity

serves effectively to block fur- of the reaction products; and

ther rapid oxidation at normal the specific conditions under

temperatures. The temperature of which the fuel and oxygen are
aluminum must be brought well above supplied. For solid metal fuels,

the melting point of 933°K (1220°F), no special differences in their

or to about 1273°K (1832°F), in the conbustibilities can be found

highly molten state, before the in space flight except for the
J

aluminum oxidation reaction will potential for a much higher re-

proceed as a self-supporting action rate in i00 percent oxygen.
oxidation reaction; i.e.. before Safety considerations as are

combustion will proceed. 30 While usual in aerospace work should

aluminum, from a chemical stant- be sufficient in selecting metal

point, is as reactive as magnesium, materials for power tools.

and aluminum will supply more heat

per pound of oxidized metal, be- Powdered metals offer a very
cause of the basic nature of its different degree of hazard as a

combustion aluminum is not a fuel supply than do solid metal

practical fuel. As a safety hazard, fuels. Powdered metals dispersed

combustion of significant amounts in air form explosive mixtures

of aluminumwill not proceed unless with ignition temperatures much

there is another large combustion lower than those ,f _e corres-
reaction preceding the high-tempera- pondlng bulk metals. Since a
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relatively high ignition tempera- ignition-safe even in i00 percent

ture is the one common character- oxygen. Dry molybdenum disul-

istic which puts most solid metals fide will not burn in air, but

out of the class of a practical incandesces slowly in oxygen.
fuel hazard, the drastic lowering Under these conditions the binders

of ignition temperatures in the are expected to be the fuel con-

finely divided metal powders brings tributor and may be controlled

powdered metals definitely into the by specification to the MoS

high-hazard category. Higher re- supplied. Tri-cresyl phospate is

action rates when exposed in I00 accepted by the Canadian Fire Re-

percent oxygen atmospheres will search Organization as the lubri-

add to this hazard. In addition, cant for work in oxygen, even

under zero or subgravity conditions though it will burn slowly under

the larger particles of metal will i00 percent oxygen. The quantity

tend to "float" and remain a part required in small electrical power

of the dispersed metal powder, with tools is so small that this lubri-

no natural falldown of such parti- cant does not present a fuel hazard.

cles. Therefore, any process which

produces small meta" particles will There are several military
be accumulative toward a hazardous standard and commercial standard

situation. Production of metal types of wiring insulation which

chips and metal powder by tool are accepted as nonburning or

operations, unless completely con- generally considered noncombusti-

trolled, will bring about a definite ble. Some of these materials will

safety hazard. Such operations will burn in i00 percent oxygen. Those

produce a dispersed metal fuel with that will burn include polyvinyl

inherent high heat release and in- chloride, glass fiber and asbestos.

i herent high rates of reaction, a fuel PVC is typically one of the class
which can be ignited by common igni- of safe materials in air but un-

tion sources. Such dispersed metal safe in i00 percent oxygen. The

fuels should be considered as a glass fiber and asbestos materials

hazard equal to highly combustible are not inherently unsafe; they

gaseous mixtures, will burn only to the extent that

they contain certain binders added
The Electric Power Tool as a in their manufacture which will

Source of Fuel. Provided the power burn in I00 percent oxygen but
tool is manufactured of metals will not burn in air. Teflon and

ordinarily reasonably safe as fuels PTFE appear as good noncombusti-

under i00 percent oxygen(i.e., not ble electrical insulators along

made of magnesium), then the only with specially made glass or as-

potential fuel supply from an elec- bestos materials.
: tric tool will be contained in the

. content of the lubricant and the The mass of fuels represented

wiring insulation, by the _lectrical insulation is

large enough so that it does offerl

The amount of lubrication re- a threat as a fuel. Insulation

quired _n an electric power tool must be carefully selected and

is small and under normal circum- tested under I00 percent oxygen
stances solid lubricants are used. conditions so that this threat is

Polytetron fluorethylene (PTFE) removed from tha tool in _s orig-

and Teflon represent almost tom- inal design stage.

pletely nonflammable lubricating

materials. These materials are The Gas Power T,,ol a_ c Fuel
[
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Sourc____e.Provided the gas power friction and the resulting
tool is manufactured of metals charring of uhe vane-blade.

ordinarily reasonably safe as a

fuel when used under i00 percent 5. An additional power drop

oxygen (i.e., not manufactured of which is caused by the

magnesium), then the only potential char and dirt, ,lhich is

fuel supply from the gas tool will no longer flushed out.
be contained in the lubrication

required. 4. There is scoring and ex-

cessive wear by accelerated

The requirement for lubrication abrasion.
in the air tool is critical to its

operation and is a continuous "flow 5. Further damage is done by

through" type requirement. Tile worn blades riding at an

last item in the air line feeding angle and gouging the

the air supply to the tool will be housing liner or by blades

the lubricant reservoir and injector, breaking ar_ chipping off.

: Additionally, the tool may have its
; own internal lubrication reservoir. The minimum amount of oil

I Most of these systems operate with usuage appears to be two drops|
|

the amount being supplied Biving per minute 0.0024 m3/s (25 cfm)

I an "oil-wet" exhaust condition, when being used. Approximately •
! being properly lubricated. This 0.00316 m3/s/W (50 cfm per horse-

i excess oil is carried off with the power) is required in the small

i exhaust air and diluted into the fractional size motors. For a
terrestrial shop atmosphere, motor with 186 watts (0.25 horse-

: power), about 0.0057 m3/s (12 cfm)

Lubrication in the gas to01 per- will be used near load speed, or

forms several vital functions other an oil usage of one drop per

than reducing friction and wear_ ,3_32 minute per tool. If only a small

The liquid lubrication medium is used percentage of this amount of ordi-

as a thinline liquid pressure seal nary lubricating oil accumulates

j running at the vane-housing inter- in some part of the tool, it will
i face. It also assists in removing represent a very hazardous fire

heat directly from the sliding vane- situation. At some point the oil

metal housing friction surfaces, and must be exposed to the I00 per-

it flushes out particles in the motor, cent IVA environment, unless the

gas exhaust system is completely

Oil is vitally necessary for de- sealed and vented overboard. Such

veloping power in the a_r tool. an oil vapor in I00 percent oxygen #

This is illustrated by following the is one of the most volatile fuel-!

progressive deterioration sequence oxidizer mixes available.

of an air motor running without

lubrication: The gas power tool offers a

fuel supply hazard that is in-

I, First, there is a drop in herent in the relatively large

speed and power in_ediately amount of "flow through" lubri-

upon losing the pressure cation. The safety hazard is

sealing function in the offered as pooled ell within the

motor, tool or as a vaporized fuel-
oxidizer mix within tile cabin.

• 2. The cylinder liner heats as

a result of increased blade The Hydraulic Power Tool as a
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Fuel Source. The hydraulic power brazed, pressure-tested hydraulic
tool will have whatever fuel joints be considered, and that no

hazard is offered by the type of flexible hydraulic lines be allowed

prime power used, whether elec- inside the manned compartment.

tric or gas drive. In addition,

it will have its own special poten- The conclusion is that probably
tial contribution to the fuel hazard, the most serious fire hazard is

offered by the hydraulic power

The major contribution to a source. From a safety standpoint,

combustible fuel supply in all the this source is probably too danger-
types of power tools considered ous for consideration.

would easily come from the hy-

draulic power source. The amount

of fluid circulating would cause Toxicological Hazard

a major problem if damage to the

tool occurred. Ordinary leaks The Electric Power Tool as a Toxic

that are standard in such equip- Producer - The electric power tool
ment would be excessive within a has two conditions under which it

closed ecological system. The will produce potentially toxic

condition of being able to collect substances, ozone produced at the

easily at a single point and to vent brush-commutator interface, and

this effluent from ordinary leaks pyrolysis products from overload

would not be as readily accomplish- failjre or electrical fire in the

ed in the hydraulic system as it tool.

was for the pneumatic.

The production of ozone from

Research has shown that the oxygen fed through an electrical

conditions in space cabins greatly arc is a well-known phenomenon.

increase the danger of conflagration The increased susceptibility toward

should hydraulic fluid be let into arcing and sparking at the brush-

the cabin. From this research, comm.'tator interface at low at-

Figure 8 shows that all hydraulic mospheric pressures is also we]"
fluids decrease in spontaneous documented. These two facts would

ignition temperature (S.I.T.) when support the potential for the brushes

the atmospheric oxygen content in- in an ordinary electric motor to

creases. This decrease is from produce ozone during use.
S.I.T. of 644 to 672°K (700 to 750°F)

for most high-temperature hydraulic The Martin Company, in develop-

fluids at normal oxygen concentra- ing the electric-drive Multipurpose

tions to 519 to 533°K (475 to 500OF) Space Tool for both the NASA and

at high (space cabin) oxygen con- USAF programs, tested their tools

centrations. These so-called high- for ozone production. These tests •

i temperature fluids ignite at about as described were not complete

the same temperature as the standard enough to give assurance that all

i fluids under the high-oxygen condition, such electric tools, or even those

tested, were sufficiently free of

The combination of high probabil- production of harmful amounts of

ity and the consequences of a hydrau- ozone. This remains a little-

lic system fuel fire was considered defined prob]em which must be fully|
to be too great to allow the use of proven by test before any open-

' hydraulics within the space cabin. 2 brush motor is declared sufficiently

Another USAF study (as yet incom- free of ozone production to be safe!

plete) recommended that only solid, from this hazard.
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The pyrolysis products from many Apollo v.'!ume) will represent a

electrical wiring insulations are systemic toxic level.

more dangerous than the small fires

which produced them. While the The gas power too I proauces a

fire may be small, the contribution toxic condition inherent in its

within a small-vo!ume closed ecologi- present design and operation.

cal system by pyrolysis of the wind-

ings of only one motor would add The Hydraulic Power Tool as a

to, approach, or exceed the threshold Toxic Producer - The hydraulic

limit values set for these products, power tool will have the hazard

Most toxicological threshold limit inherent in the type of prime

values are based on 8-hour exposure power driver. In addition, it

for a working week. Toxicologists will have the added hydraulic

agree that these values must be fluid from small leaks. For

drastically reduced within the space present hydraulic systems this

cabin. Here the exposed cootins- would amount to a quantity

ously, and the accumulative effects added of approximately one-fourth

of many toxicants never before that produced by the gas power

placed simultaneously must be con- source.

sidered. In addition, the environ-

mental control systems have only

limited capacity to remove solids Special Tool Hazards

and certain gases, and may be over-

loaded with only small amounts of In addition to the hazards

unexpected toxicants, listed above, these power sources

offer certain special hazards.

Part I of the Space Cabin Atmos-

pheres study is devoted entirely The electric tool may offer the

to oxygen toxicity. Under the electric shock hazard. The past

exposure conditio_ of spaceflight, electric tools, which were oper-

especially long duration I00 per- ated under 15 volts, do not offer

cent oxygen, even oxygen becomes a practical electrical shock

suspect as a toxic gas. The addi- hazard. Deciding precisely at

tive effects of toxicants plus the what voltage we get into this

relatively small real time experi- type potential hazard may be diffi-

ence for humans under such conditions cult, but if operated under 30 volts,

requires the reduction to zero or it seems that no practical hazard

! near zero for foreign toxic materials, exists.L

i The electric zool may produce The hydraulic tool offers a

i ozone at the brush-commutator inter- special hazard. The hydraulic •
face in amounts which can be danger- fluid is operated at high pressures;

i ous and under fire-failure mode the if such a high-pressure line is

pyrolysis of electrical insulations broken, the high pressure spray

! may be a greater hazard than the fire of hydraulic fluid near the break

I itself, is found to have a much lowered
i spontaneous ignition termperature.

I The Gas Powered Tool as a Toxic The effect is very similar to diesel

Producer - The lubrication added injection ignition. This increased

to the tool appears as a toxic risk adds to the large fire hazard

i irritant even in small amounts, already discussed concerning this

and in accumulated running of a type power tool.
single tool over one hour (in the

i IV. 1.33
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SUMMARY AND CONCLUSIONS not a hazard to the air tool but

may occur with any tool system
This study has shown that hydrau- where the two reactants are

lic, electric, and gas power sources brought into intimate contact.

offer safety hazards when used as

space power tools. The major disadvantage pecu-

liar to the gas tool is found

! The hydraulic power system must because of its high, continuous

"i be driven by either an electric or liquid lubrication requirement.

i gas power source and will therefore This lubrication represents a
I have the inherent disadvantages of fire hazard if accumulated into

the chosen prime power source. The a small "pool" condition and

hydraulic system offer_ a major offers a major hazard as a vapor-

_ fire hazard, especially should a ized fuel expended into the I00

! failure occur in the hydraulic percent oxygen cockpit environ-
supply system. Because of this ment.

i hazard it is recommended that
hydraulic systems not be con- Dispersed lubrication accumu-

sidered where there is any IVA lating within the environmental

! requirements, control system is also a toxi-!

cological hazard.

! The gas power tool offers several
I hazards. Any tool housing manu- There are also several hazards

factured of high-aluminum alloys peculiar to the electric power

! will have a natural insulating, tool. Unless the electrical
auto-oxidized surface or may have wiring is chosen for its heat-

any extra thick anodized surface failure mode under I00 percent

of aluminum oxide. Even if the oxygen conditions, the wiring may

aluminum is electrically grounded, offer both a small fuel supply

this surface film will be potentially hazard and a larger hazard in its

effective in allowing an electro- emission of toxic pyrolysis pro-

static spark to build up. ducts. The metal case may strike

f sparks unless "safe" metals are

! There are two solid-state re- used in its manufacture. The

actions which can occur to create on-off switch may serve as a

incandescent hot particles. Both spark ignition source, especially

reactions involve aluminum metal, on the break-circuit condition.
One reaction is aluminum with iron

oxide (rust); in the other alumi- Several hazards occur as a

num is reacting with nickel. Both result of the requirement for

' will operate in either the pre- carbon brushes carrying current

sence (IVA) or absence (EVA) of through slip rings and commu-

gaseous oxygen. Both reactions may tators. The brushes may create

be initiated at lower temperatures the toxicant ozone; brush arcing

and may react at faster rates in and sparking will create radio

space because of the lack of free magnetic interference (RMI or EMI).

oxygen to form a protective film. This arcing may also serve as an

Any drilling, cutting, or shear- ignition source for gaseous com-

ing of an aluminum/steel combina- bustibles or severely arcing

tion will involve this potential brushes may eject incandescent

reaction, carbon particles. The hot brush

surfaces may also serve as igni-

These solid state reactions are tion sources. Brushes running _"
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vacuum will be generally unceliable I. The development program

and have high or catastrophic wear. 28 must resolve the major

safety hazards w_thout

Both the electric and gas power sacrifice of tool per-
tools offer some hazard when used formance or tradeoffs

in space flight. Some research that will_troduce other

and development must be accomplished hazads.
if these tools are to be considered

as a completely safe power source. 2. There should be high confi-
dence in the end result of

This study has shown several the development program
hazards peculiar to toolJ, and also before it is undertaken.

several that are important hazards

not specifically limited to power 3. There should be no other

tools. These hazards will be listed outstanding deficiencies

again since they may apply in many in the power source chosen

aspects of space flight, fo_ deve!opment which would

e_iectively prohibit its

I. Production of free metal powder real value for use on active

and chips in an IVA environ- missions.

ment, especially if the en-

vironment is i00 percent This study has been conducted
oxygen, producer a highly within the considerations of safe-

combustible mixture that can ty and reliability. From a safety _

be ignited well below the standpoint all the inherently

bulk ignition temperature extra hazardous high-energy fuel

of the metal, cycles have been eliminated. A

p_evious study showed that even

2. There are two dangerous heat- using maximum-energy cycles the

envolving solid-state reactions gas power source was at a dis-

of aluminum with iron oxide advantag_ when compared on a

(rust) or nickel metal. These power versus fuel weight basis.

reactions may be initiated at With safety considerations limit-

lower energies and have fast- ing gas tools to only low energy

er, more energetic reaction pressure-work systems, this dis-

rates in the hard space advantage is increased. From the

vacuum, standpoint of weight requirement,

there is a practical question of

i 3. Grounded aluminum structures whether such a power source could

may present an electrostatic be accepted.

i spark hazard because of the

ever present alumina or in- Positive predictions of the
I sulating film on the aluminum improvement of the gas tool for

i surface, use in space flight are also diff_

1 cult. Where we have extensive

i statistical background of use ofRECOMMENDATIONS electric motors in many protected :

I and exposed locations on high

Neither the electric nor the altitude alr_raft, we have no!

: gas power tool is sufficiently safe. equivalent background on air motors

i In deciding which one of them will other than terrestrial shop use.
• _ be improved there are three major Where the difficulties with the
•

considerations: e]ectrlc motor have been extensively

+, . • ,,
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i researched and basically well de- Two developmen_ cptions offer

fined both _ractically and theoreti- some confidence in being able to

cally, the development program for make the necessary improvements

that gas poker tool would have in the electric powez tce].

neit[ler large amounts of practical

intormation nor be based on deep One method would be to adapt

theoretical knowledge about the the higher frequency ac induction

processes involved, motors, for space tool power source.
Such a motor would operate on 300 Hz

Suggestions to make use of rome or higher ac power. Its advantages

! special advantage of the gas tool are known in ordinary shop use to
in order to increase its positive be sufficient to shift some shops

I value are also difficult. It has to this type tool in spite of the

been suggested that such a te_l use requirement for a frequency changer. 34,35

oxygen a3 the gas, and to supply It would remove most of the problems

the vented gas to the cabin atmos- associated with a brush-con=nutated

phere as the human oxygen supply, dc motor but would introduce the

i The human oxygen requirement is much problem of obtaining and using a

' lower than the tool gas use require- type of electric power not developed

, ment. On Gemini flights only 47.17 kg by the prime space-electrical systems.

(104 ibs.) of oxygen was carried in- It would require a frequency changer

I eludin_ reserves for 2 men for 14 and would also introduce the elec-i

i days. 3_ The long-term average use trical shock hazard.
is expected to be 0.9 kg (2 lb.) of

oxygen consumed per day for caeh The other electrical develop-

i man. Figu.e 9 shows typical per- ment option would be to adapt a

formance cu:ves of a gas power tool new type of brushless dc motor,

of hand tool size (approximately previously developed by NASA for

: 186 W or 0.25 hp). The flow-rate satellite and space power appli-

requirements show that with 50 per- cations, to a configuration and size

cent on-off duty cycle only a few for use as a power tool drive.

minutes of tool use would produce

enough oxygen to satisfy the daily This development was previously

"i requirements of the astronaut. A accomplished by NASA and the Sperry
more economical gas use may be Farragut Company. 36,37 The ob-

effected through a development jectiv_ on the original program

program but it is doubtful whether was to develop a very small iow-

a gas power source can be brought wattage motor for special use in

into energy balance with the gas hard vacuum space conditions. It

useage requirements of the human is true dc motor and its unique

body. Any such scheme of use of properties and design are based a

the gas effluent from tne tool in- on a photosensing solid-state

side the cabin brings the tool con_utat_r system. In this de-

:: directly into the environmental con- sign the rotor is a permanent

trol system loop and will generate magnet while the stator contains

additional problems, the windings. A small light
shield is attached to the rotor

The electric power source offers which rotates around a stationary

a favorable contrast for possible lamp. The lamp is operated under

improvement. Should the major safe- derated conditions and a light

ty hazards be eliminated the electric bea.a passes out through the light

tool has other very favorable charac- shield. Photodiodes in the station-

teris_ics for use in space flight, ary commutator section sense the
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position of the rotor. Signals may allow the switch to be main-

from the photodiodes control a tained at all times below both

solid-state amplification and power the critical minimum voltage and

switching system which energizes minimum current necessary to

the proper stationary armature produce the "break" switch spark.

coils. The input dc power is This would completely eliminate

thus switched and commutated with- the switch as an ignition source.
out transfer through a brush or

sliding contact and without trans- This motor to date has seen

ferring to a rotating electrical several specialized applications

component, since the first low wattage

(fractional horsepower) model

This system ill eliminate the was developed. There have been

brush problems of arcing and at least four different sizes

sparking, the potential to pro- designed for several different

duce ozone, the hot-brush surface uses on satellite systems. AI-

i_ni_ion hazard, k_._ ........ +_...._ -^ design _..;_,k1_ for use

and wear, and general low relia- as a tool power drive has been pro-

bility of the brush commutator duced, the original concept has

system, been scaled up to a 746 W (l hp)

• motor pump drive.

Because of the unique design,

other safety improvements can also There should be no major limit-

i be accomplished. Since the station- ing reason why this type motor can-

ary armature windings do not rotate, not be produced in a size, power,

; it is practical to consider encasing and torque range suitable as a

these windings and pressurizing the power tool drive. Since the

case with an atmosphere safer than solid-state commutator _ill be

I00 percent oxygen. Such a hermeti- heavier and will occupy more

cally sealed motor would have a volume than the brush commutator,

much lower fire hazard from the design attention should be given

electrical insulation but in case of to the possibility that some of

fire could be built to contain the the commutator system be placed

pyrolysis products. Thus even at the source of power; i.e., in

4 under failure-mode operation, the the tool battery housing for a

! motor would fail-safe with respect portable system, or at the power

to its potential toxic (fire) plug in a ship-supplied system.
hazard.

The photodiodes and the power

Solid-state devices are used dxodes produce some heat and this

throughout the main power circuit, must be conducted away since

This allows the consideration in the these devices do not operate

design to use a low-power solid- properly at temperatures above

state "gate" switching sub-circuit 366°K (200OF). Keeping these

at the on-off motor _witch. If solid state devices cool may be

accomplished, solid-state =witch- the only design difficulty, but

ing would allow the motor to be it should not be a limiting de-
controlled by a power circuit sign condition.

where the order of magnitude for

voltage and current would be 0.5 to Several other features should

0.75 V and 200 to 300 mA. Accom- be included in the motor develop-

plishing these low switching values ment and design. The motor should

and isolating this switching cir- have a simple system to indicate

cult from the main power circuit housing and internal temperatures.
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This may be a self-_owered circuit aluminum surface and

(thermocouples) with a gauge indi- effectively ground poten-

cator built into _he rear of the tial capacitative spark

case, or temperature indicating development.

paints may be used. Several tempera-

tures points should be measured so 2. Investigate the solid-state

that localized heating would be reactions of iron rust with

registered, aluminum and nickel metal
with aluminum while under

The power circuit should be the cof_ditions of hard _pace

protected with a fusing system so vacuum. Quantitative values

that sustained electrical over- can be placed on the tempera-

load would not be possible, ture of initiation and the

rate of reaction by a re-

Collateral with safety improve- search method such as

ments in the motor, it is recommend- differential thermal analysis
ed that studies be undertaken to: while under vacuum conditions.

Whatever method of analysis

i. Investigate the ability of is used it should be based

the insulatin_ alumina film, on providing an atomically

formed on grounded aluminum, clean unoxidized aluminum

to store an electrostatic reacting surface. It should

charge. Auto-oxidized and provide practical and quanti-
various anodized aluminum tative theoretical answers

alloys, including the heavy to the development of in-

hard coat process, should be candescent sparks when per-

investigated. Should the forming drilling, cutting,

practical hazard from such and other operations in

electrostatic sparks be space on aluminum with

proven through this investi- rusted steel tool surfaces.

gation, then conducting coat-

ing of nonauto-oxidizing

metal should be developed.

This thin coating would modi-

fy the surface of the alumi-

num so that effective insu-

lating films would not form
and the surface could be

electrostatically grounded.

Such a coating would not

appreciably alter the favor-

able properties of _¢eight,

strength, and safe strike-

spark characteristics of the
basic aluminum. It is

suggested that the coating
I could be a 2 percent

, beryllium copper coating

applied by flame spray or

vacuum metalizing. In de-

veloping the coating a pro-
[ cess must be used which will

i place it onto the conductive
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THE ROLE OF SPACE MANIDUL.ATOR SYSTEMS
FOR EXTRAVEHICULAR TASKS

R.H. Blackmer

Research and Development Center

General Electric Company
Schenectady, New York

A. Interian

Space Systems Organization
General Electric Company
Valley Forge, Pennsylvania

R.G. Clodfelter

USAF Aero Propulsion Laboratory
Wright-Patterson Air Force Base _"

Dayton, Ohio

SUMMARY: Manipulators have application for tasks
such as docking, tethering, grappling, mass transfer,

refurbishment, and repair. Advantages of manipulator
systems include astronaut effectiveness and safety,
continuous EVA with operators working in shifts, and

remote operation from space or ground stations. At
l:resent, no manipulators are space qualified; however,
there is an adequate technology base to undertake their
development.

INTRODUCTION SurveyorVII Moon-Digger corrected
an equipment failure and saved a val-

The potential capability of space uable experiment. This manipulator
manipulators was dramatically demon- application of the Moon-Digger was
strated in April, 1967 when the Moon- not conceived until after the failure

Digger on Surveyor III successfully had occurred on the moon.
- touched, tapped, pressed and trenched

the surface of the moon. This drag Recent studies for NASA and

shovel is a simple mechanism having the United States Air Force indicate
only four step-controlled motions, that manipulators may effectively
Crude as it is, it scooped lunar soil perform extravehicular tasks in
samples and deposited them within a space. Time and motion studies by

quarter-inch accuracy, the Argonne National Laboratories
(ANL) (Reference 1) have shownthat

The true value of space manipula- simulated space tasks can be accom-
tots -- the utilization of man's adap- plished by a shirt sleeve operator

tiveness and ingenuity -- was demon- using a master/slave manipulator
strated in January, 1968 when the about equally well as an astronaut
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in a 3.5 psi space suit. :..l either ap- c) Cost, weight or probability
proach, the time was about triple that of success advantage is dem-
r.equired to do the task directly by onstrated

hand. 4) Manipulator systems should be

considered for ground controlledThe basic concept of space con-
trolled and ground controlled manipu- unmanned missions when:

lator systems is illustrated in Figure a) Cost-effectiveness is demon-

1 (see next page). This shows a slave strated relative to deploying
manipulator system on a remote maneu- a manned system or relative
vering unit controlled from either a to total satellite replacement
master station in an SIVB Workshop or
a master station on the ground. In ad- b) Hazardous missions are in-

volved
dition to these two concepts, this paper

will also discuss electric manipulators 5) Man-equivalent manipulator-TV
positioned by a boom (e. g., Cherry systems similar to that shown in

Picker or Serpentuator*) and through- Figure 2 appear to be optimum
wall manipulators, for both manned and unmanned

missions

The Air Force Aero Propulsion
! Laboratory sponsored "Remote Man-

,i ipulators and Mass Transfer Study" _.
; (Contract AF33615-67C-1322) by the

General Electric Company (Refer_ence

, 2) and arrived at the following con-
c lus ions:

i 1) Space or ground controlled man-
. ipulators for space missions are _, /"
! technically feasible within the _ , -._"! •

' present state-of-the-art / _ _'_.-_'_'_:i.._,"_']_'
] 2) Electric master,slave mampula- _',, ::_.. , __

tots based on designs now used
; in nuclear laboratories can be • '

i developed for flight on manned :

I vehicles in five to ten years

3) Manipulator systems should be FIG. 2 - MANIPULATOR-TV SYS-
considered rather than astronaut TEM ON REMOTE MAN-
EVA in space controlled manned EUVERING SATELLITE
missions when:

' a) Extra-hazardous environ- 6) Immediate development i,,_ re-
ments or tasks are involved quired for:

b) Endurance is required a) Time, motion and energy
versus task data for mission

• Articulated boom being developed planning and preliminary
by NASA / MSF C system design
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I CONTROLLED FROM SPACE STATION OR EARTH IV. 2.3
STATION

i i!

1971066602-218



b) Transmission time delay ef.- kinematical]y determinant within the

fects data for control system manipulator's working area. The
design and operator training controls are deceptively simple.

Corresponding maste,' and slave

The above conclusions result from joints are independently servoed

_, an analysis of work elements in each together so the torque developed by
orbit tasks and a conceptual design their actuators is proportional to
study of manipulator arms to accom- the position error between each

pHsh these tasks. Weight, power and master and slave joint. Hence, the
thermal analyses of the arm design Linking structure is the only control

shown in Figure 2 show that this sim- interaction between the joints of
ple, passively cooled design can meet the manipulator arms.
the specifications established by the
study for a synchronous satellite re- The terms "telefactor" and "tele-

furbishment mission. The feasibility operator" have been proposed by
of ground control for this system was ]Bradley (Reference 4) and Johnson
strengthened by experimentat trans- (Reference 5) to describe remotely

mission time delay work done in sup- controlled master]slave mechanisms.
port of this study by Professors W. H, S_ce the manipulator-TV system is I,
Ferrell and T.B. Sheridan of the M:_- _'iguz_ 2 has man-equivalent reach

sachusetts 3_stitute of Techno]ogy. and working force, it can be described
Their previous work (Referencp 3) as an androidal teleoperator, or an-
had shown tbat two dimensioral mani- droid for short. Thus, the term

pulation with transmission time delay robot can be saveC for its seemingly
between master and slave could be inevitable futur,, _,J::.

accomplished predictably with an
open-loop (unilateral) mov, t wait There are t':,n :,asic typea of
strategy. During the rece_.._ subcon- manipulators:
%,'act, they demonstrated thc*_ _heir

• Genera _ _ . "pose Manipulator j_conclusions are valid for si>: _egrees .......
of-freedom manipulations as v.e]t. A _ar. _ -.trolled device with

se, _:, , more independent
MANIPT5 LA TOR TECHNOLOGY m _ : :z; one for grasping,

* th e_e for translation motions,

; This paper is concerned.with man- tt:ree for angular motions,

] controlled manipulators as _ntrasted a:_d redundant motions as re-
! to programmed robots with'_rtificial quired for work site access

intelligence. The "aanipula_r-TV or dexterity
system shown in Figure 2 is not a ro-

• Special Purpose Manipulator
bot, but is a slave mechanism repro-
duciag a human operator's hand and A limited motion manipulator
head motions. Forces and torques with less than ,_;ix degrees of
applied by the operator to the master freedom at tb_; !erminal de-

arms are also reproduced _t the slave, vice
and vice ver_.a. Only the _perator's
hands are involved. This is done by The general purpose manipulator,
linking the mecl_nism's joints to be such as the E-? *ype electric mani-
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pulator shown in Figure 3, is used for b) Unilateral: Unilateral manipu-
tasks that require adaptability and can- lators are not reversible, F_rces
not , ? reasonably automated, i.e. ,for and motions at the slave are not
tasks requiring human judgment or transmitted to the master. There
dexterity. The special purpose maul- is no force or motion feedba_.k

pulator is used for simple, potentially between the ol,tl_ut and input.
programmable tasks or when the
transporter or vehicle carrying the Fr r _,- ,_ystem weight and reliabil-
manipulator can provide the missing ity con,, a_ions, it is concluded
degrees of freedom, that th: -___,lipulat_rs _or space ap-

plicatio] _ _i!! be limited to manual~

_ ,- , __,_. _ . _ and/or all electric types for the

| .,,_-- foreseeable future. An example of a

_-_:_t \ _ I\.. :.:_ manual through-wall manipulator is

,!:i $\_ ",z(._i:_\ shown in Figure 4 being used fo,"
/ i'l

" " / docking and tethering experiments.

i_l" " _ This tape and cable connectedmas-
__i _- ter/slave manipu!ator is the mos _

, 4 _, widely used model for "hot" labora- '
tory work. The bulkhead sealing
problem in space vehicle applications

,_, ',_

FIG. 3 - E-2 ELECTRIC MANIPULA-
TORS USED BY GENERAL ¢
ELECTRIC IN SPACE SIM- "w'_
UI__T_O_; STUDIES

' t,

There are many varieties of ex-

isting manipulators and potentially
an infinite variation of new ones. How-

ever, they tend to separate into two
groups :

r
a) Bilateral: Bilateral manipulators

are reversible. A force or mo-

tion applied at the input (master

handle) will produce through the , ,_ ° _
control system and mechanisms "
of the manipulator, a force or ...... _ _:

motion at the output (sla-re hands).

Similarly, if a force or motionis FIG. 4 - M-8 MANUAL MANIPULA- j_

.. applied at the output, it well pro- TORS USED BY GENERAL
duce a force or motion at the in-. ELECTRIC FOR DOCKING

put. SIM U LA TION
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- may be easier to solve with manual mands of 0.1 and 2.0 seconds

manipulators using ball-joint bulkhead which result in motion increments "_
pivots. However, ball-joint type of of about three inches. The only :_
manipulators have motion reversal feedback to the operator are still

and require larger working volume at pictures. These have good resolu-
Lhe master, tion, but require nearly one minute

to process. Step control is unique
i Electric master/slave manipula- to the Moon-Digger which is the

tors c_n be bilateral or unilateral, first, and thus far only, space man-

The bilateral M/S manipulator is the ipulator. The typical panel-control-
most versatile and best performing of led manipulator has individual rheo-
all manipulator systems. Tne unila- stats to control the va_e of each arm
teral M/S is next and offers potential motion. Because their first cost is

weight advantage for space controlled lower than an equivalent master/
systems and stability advantages for slave, they are the most commonly

i ground controlled systems involving used electric manipulator in "hot"
! transmission time delay. The uni- laboratory work. Another example

j lateral master station requires no of on-off control is the General

I force feedback actuators which _.ccount Electric manipulators used on the
, for nearly half of the weight of a bila- Aluminadt submarine. These heavy

I teral M/S system. However, the uni- duty, hydraulic powered manipulators
. lateral M/S system energy consump- are controlled by joy-stick actuated

tion will be much higher because (1) switches on the operator's console.
force levels are indeterminant, (2) The joy-sticks provide directional
better TV is required and (3) more correspondence and are so arranged
time is req,,ired to complete a task. that the operator does not have to
Control station weight can be even take his eyes off the slaves to see

further reduced by using panel control w hat he is doing at the console.
rather than master/slave. On-off or

! rate controls for each slave motion T he bilateral electric master/

can be individual or coordinated with slave manipulator clearly has the
a joy-stick. Many tracking type tasks, most significant role in future space
such as docking, cannot be reliably manipulator applications. Be-
performed with unilateral panel con- cause of its cost, it is not used ex-

: trols and those tasks that can be per- tensively in nuclear laboratory work.
; formed _ake typically ten times longer However, its design technology is

-': to accomplish. Although their perfor- highly advanced and those units that
mance is poor, panel controlled sys- have been put in service have dem-

terns can have an overall advantage onstrated good reliability and life.
for simple missions. And if commun- All existing electric master/slave

ication bandwidth is limited, they may manipt.lators ere based on designs
be the only alternative, developed by the /_-gonne National

Laboratories. A version of theANL

The Surveyor Moon-Digger is a Model E-2 shown in Figure 3 is now
panel-controlled special purpose man- being used by General Electric for
ipulator. Each of its four motions are space task simulation, transmission

individually controlled by step corn- time delay experiments, and data
link development.
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The E-2 manipulators have a 7.5 in Figure 5. The ANL results were:

pound capacity and kinematics which
appear to be nearly optimum for both

Time HnJtd_e

manned and unrr..unned missions. T,,k P_oc,_,-_ (M,n*e,) F,_,or
Directly in Shlrl Sleeves 7 i. 0

MAi_I :_ULATOR CAPABILITIES m,_,y., • P_u_-_ 20 2.9
Apollo Soft Smt

Wdh Model-B Mamlyulators 24 3.4

The task performance of remote Whilem _|r¢51ete_es
manipulators in space has to be extra-
polated from groun_ experience. Ex-
tensive experience in nuclear "hot" The same tools were used in all

three tests.
laboratories during the past 20 years
has ranged from very simple to very
complex tasks. Task time with bilat- _J_
eral master/_lave manipulators has t

the direct-hand time. The time factor _*_

ranges from 30 to 100 with unilateral _i

panel - controlled manipulators. These z .
hindrance factors are for assembly
and repair tasks. When used for ; "_ _

transport tasks, such as cargo trans- IF" ","
fer, manipulators can actually reduce _j_,\"

by-hand time if they have reach or L"-':_a., _ _.

force capability exceeding manes. :_:.",._.,

Rules-of-thumb, though conven-
ient, must be used with caution. The FIG. 5 - TASK BOARD TIME AND •
wide range given for hindrance factors MOTION STUDIES WITH
indicate the importance of the task it- M-8 MANUAL MANIPU-
self. In this context, simple tasks do LATORS

not necessarily _.'eld a low hindrance
factor (HF) and complex tasks do not Most existing terminal devices

• necessarily yield a high HF. Much have only one degree of freedom and
better correlation is ebtained by therefore cannot change the position

' classifying tasks as positioning (wrist of an object in their grasp without
and terminal motions) or transport assistance from another arm, bench,
(shoulder and elbow motions). Posi- fixed object, gravity, or inertia.
tioning tasks will tend to have a high Another degree of freedom in the
HF; transport tasks low. The highest tongs or a third finger would be re-
HF will be encountered in tasks re- quired to increase the negligible
quiring dexterity and tactile sensiti- dexterity in existing terminal devices.
vity. Also, tactile information is useful

_ to detect slippage of objects in the
2"ask board work by ANL (Ref- manipulatorts grasp. However,

erence 1) has been repeated and con- better dexterity and tactile feed-
firmed by General Electric as shown back does not appear to be necessary,
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or even desirable, ifthe tools andthe The optimum terminal velocity

work are designed for manipulator of master/slave manipulators, at

operation, no load, has been determined by
ANL to be about 30 inches per sec-

COMPARISON OF POTENTIAL ond. The panel controlled manipula-

SPAC. "_ANIPULATOR CONCEPTS tors have an optimum velocityof
only four inches per second accord-

Itwas concluded from an analysis ing to Seidenstein(Reference 6).

of space task work elements (Reference
2) that the maximum force capacity Using the above force, reach and

required f_r space manipulators will response data, design estimates
be about 15 l_,J,.a_.This is about the were made to compare the five
normal maximum force utilizedby classes of manua] and electric space
machinists and aircraftas£emoly work- manipulators in Table I. The light-

ers. When higher forces are required, est weight system is the manual
a lever or powered tool is normally through-wall manipulator which
employed. ,_tronau_s and androids utilizes a ball-joint for a bulkhead

i will follow .he 3ame practice, pivot. This system is probably not
' acceptable for most manned missions

The ideal work volumeV of a stand- because itis questionable that in-

ing operator is about 20 cubic feet. dexir_ can be used to reduce master
With body motions and awkward over- working volume. The tightestweight
head positions, the working volume of electric manipulator is panel-con-
a one to one master] slave manipulator trolled,but as already pointed out,
is extended to over 60 cubic feet. This it is task limited and very slow.

will be permissible for space manipu-
lators where the master station is on Elimination of force feedback

the ground. But ff the master station motors in the master arms reduces
i_ in a space vehicle, volume will be the master weight of the unilate, al
too precious and it will be necessary M/S system by almost 100 pounds

{ to u.lize index motions to extend the as compared to the bilateralM/S
reach of the slave. Argonne National system. However, the weight ad-
Laboratories suggest that the minimum vantage of the unilateralM/S system

effectiveworking volume of the master is countered by the lack of visual as
is about four cubic feet. Ifthis is in- well as force feedback when the slave

compatible wi_'hthe space vehicle, then is attached to a fixed object. In this
a unila_-cral,panel controlledmanipu- situation,the force level and power
lator must be used. These require consumption can range from zero to
about one cubic foot for the controls fullstallwithout indication.

and the operator's hands. They are
also much lighterthan bilateral mas- The heaviest, but most versatile,
ters but, as discussed later, they re- manipulator is the electric bilateral

quire as much as ten times the time master] slave.
and energy to perform a task and can-
not perform many tracking and "blind"
tasks.

•All work volumes refer to two arm
volumes.
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SPACE SYSTEIVIS C. Marshall Space Flight Center

(Reference 7). Manipulator design
Based on the excellent perfor- studies for the "Space Taxi" were

mance record of manipulator systems conducted for LTV by the Argonne

for earth application, such as handling National Laboratories (ANL), who
radioactive elements in hot labs, in- in 1967 published a consultant sup-

; dustrial mass transfer, and prosthe- port study "Manipulator Systems f_r
: tics, the possibility of extending their Space Applications" for NASA (Ref-

, application to space missions looks erence 1).

quite promising.
The mechanically connected or

Several concepts for space manip- manual manipulator offers the light-
ulator systems have been investigated, est weight and highest reliability for
These include: througl=-wall applications. However,

, • Space Vehicle with Through- it requires large working volume at
' wall Manipulators the master, and the slave must be

located in close proximity just out-
• Space Station with Boom Posi- side the operato_-'s compartment.

: tioned Manipulator Electrically connected and powered

• Remote Maneuvering Unit with manipulators overcome these geo-
' Manipulator metri'= restrictions and offer extended

reach and force capability at the slave.
Extended slave reach is obtained in

Space Vehicle
electric maste s/s lave manipulators

with Through-wall Manipulators
by biasing (i. e., indexing) selected

M/S n_otions or by adding index motions
Through-wall manipulators have

b_en proposed for extravehicular tasks By this approach, ._la ---_. workingvolumes of ove," 200 cubic feet can be
from manned vehicles since the late

covered with only four cubic feet of
: 1950's. A survey of these concepts

was published in 1962 by the Air Force working volume at the master. The
Aeromedical Research Laboratories weight and power consumption of

(Reference 8). The first comprehen- electric M/S manipulators are con-
sive vehicle and mission study invol- siderably greater than for an equi-

valent manual system. Therefore, *
ring through-wall manipulators was
made by Lockheed-California for th_ each mission must be analyzed to

determine which system is optimum.Air Force Aero Propulsion Laboratory
in 1964 (Reference 9). The terms Argonne National Laboratories esti-
"Astrotug" and'_huttle" were used in mated the weight for 25 pound force

this study. In an independent study, capacity manipulators with 96 inch
Lockheed Missiles and Space Company reach for LTV's "Space Taxi. " They

coined the acronym SCHMOO for Space concluded that two manual arms would
Cargo Handler and lVIanipulator for weigh about 150 pounds whereas the
Orbital Operations (Reference 10). equivalent electrical system would
The term "Space Taxi" was used for weight 535 pounds exclusive of power
a one-man vehicle concept studied by supply, cabling and heat rejection

Ling-Tempco Vought (LTV) for NASA's subsystems.
Advanced Systems Office at the George
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i i |

1971066602-225



An equivalent switch controlled by the Space Systems Organization
(unilateral)electricmanipulator sys- of the General Electric Company.
tcm would weigh only half as much as

the bilateralmaster/slave. As al - A summary of the system weight
ready discussed, however, the task and power requirements are tabulated
performance is so poor that itis not in Table 2.

recommended for the Space Taxi-type

of application. Remote Maneuvering Ur,!ts
with Manipulators

Space Station

with Boom Positioned Manipulators This concept is also illustrated
in Figure 2. It could be used to aug-

In this concept, an articulated ment an astronaut's capabilities

boom serves es a lecator for the ter- through control from within the space
minal device. The terminal device station. It could also be used in un-

contains the two working manipulators, manned operations through ground
video, docking arms, decoder, pro- control via a communications link.
cessor, harnessing, and structure.
Control for the boom and terminal The mission capability of the

device is from within the space sta- RMU-_vith-manipulator concept in-
tion. Power and control would be via cludes all those of the boom -version

cables through the boom. Several plus operations on nearby satellites
boom concepts appear feasibl_ for this either already orbited or launched

application. One is the "Serpentuator" from the space station. These op-
concept being developed by H. Wuen- erations would include rendezvous,
scher of the NASA Marshall Space docking and stabilization of the re-
Flight Center. Another is a three fueling and component replacement.

inch deployable boom being developed

Table "

BOOM POSITIONED MANIPULATOR

SYSTEM WEIGHT AND POWER SUMMARY

Pawer Weight
Subsystem Watts Lb s

Video 17. 0 26.5

Manipulators (two) 40.0 46.0

Manipu] ato r Amplifiers (switching type) - - - 35.0

Docking Tethers (three) nil 50.0

Communications 12.0 14.0

Harness ing - - - 16.0

' Structure --- 32.0
}

TOTAL 78.5 210.0
I

I

' IV. 2.11

i

1971066602-226



The advantages of this concept are • Electric Unilateral Master]
that its sphere of operations and mis- Slave
sion capabilitiesare much greater
than the boom version. The system • Electric Bilater&l Master]

contains the followin_ subsystems: Slave

two bilateral eiectric manipulators None of these have been developed for

! with passive docking tethers; head earth orbit missions, although the
directed TV; propulsion to perform panel-controlled Surveyor Moon-Dig-
rendezvous and docking; attitude sta- ger has demonstrated the space wor-
bilization powerful enough to stabilize thiness of articulated mechanisms.

the RMU plus the satellite being work- All of these are presently used in nuc-
ed on; communications relay; power; lear and underwater applications and

and thermal control, must meet stringent reliability and
maintainability requirements.

i Typical weights and power re-

quirements for an RMU-with-manipu- The kinematic and human factor
lator system are shown in Table 3. design requirements for all five types

t are well known and are directly ap-
SPACE MANIPULATOR DESIGN plicable to space designs. In existing

i manual and electric master] slave sy_-
The five types of manipulators tems, an overhead or inverted elbow

i that are likely candidates for earth configuration is used to minimize phy-
orbit space missions are: sical interference with the operator.

• Manual Master/Slave This configuration also gives good ac-
cess to restricted work sites (e. g.,

• Manual Ball-joint through hatches and in recesses) be-

cause the manipulator is in the cone
j • Electric Panel-controlled of vision. The kinematic relationship

Table 3

RMU WITH MANIPULATOR SYSTEM

WEIGHT AND POWER SUMMARY
!

i Power Weight '

.i Subs_,stem Watts Lbs

i Video 33.0 52.0
Propulsion 25.0 22.0
Guidance and Control 83.9 56.8
Communications 21.8 28.9

Power - - - 165.0
Thermal Control - - - 5.0

i Manipulators (two) 40.0 81.3
Docking Tethers (three) nil 50.0

Structure - - - 95.0
Harnessing - - - 45.0

TOTAL 203.7 600.7
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of links and pivots has evolved with tions for missions up to the station-

experience to minimize paralleljoint ary synchronous orbit have been es-
lock-up (gimbal lock)within the normal tablished. These specificationsare
working positions. Force and torque based on the following rationale:
capacity of existingmaster/slave units

For Manned Missions:
are usually man-equivalent, although

some manual units are designed for • The reach (withoutindexing)
heavy duty work where the operator should be no greater than the
uses two hands on one manipulator reach of an EV astronaut.

(usuallybecause he has 1orgottento This is to insure thattasks
bring in the proper tools), are designed so thatthey can

be accomplished by the EV as-
Most manual and electricmaster/ tronaut in the event of manipu-

slave manipulators are of the "tendon" lator failure.
design wherein cables or tapes are

• The force capabilityshould be
used to transmit most of the motions.

adequate to operate astronaut
A variety of tape and cable anchor "hand" tools but should not ex-
and pulley guide designs have been ceed that of an EV astronaut.

developed over the years. Cammed This force capabilityis esti-
pivots have also been developed to

mated to be 15 pounds.
maintain corstant cable length and
tension over wide ranges of pivot • Design should be for bilateral
actions, control with provision for uni-

lateral position control and
Because inertia anu friction re- unilateral rate control.

duce manipulator effectiveness and
• Response should be high enough

cause operator fatigue, existing de- to make the operator the limit-

signs utilize aerospace design tech- ing factor in determining task
', niques to reduce weight and increase speed. This means no load

efficiency. As a result, much of the velocities of 30 inches per se-
design practice for ground systems cond for bilateral control. Op-
will be applicable to space. The most timum unilateral (on-off) no

significant weight saving seen for load velocity is about four in-
space systems is the elimination of

ches per second.
counter weight for weightless earth-
orbit missions. • Anthropometric relationship

between "hands: and TV "eye"

Preliminary Design Study should be provided to utilize
Specifications operator's natural and learned

responses -- particularly his
The USAF] GE study (Reference proprioception.

2) concluded that a single general °
, • Tools and procedures will be

purpose electric manipulator can be provided whenever above capa-

developed to meet the requirements bilities must be augmented.
, for most anticipated manned and un-

manned missions. Tentative func- _ Control should be possible from '

tional and environmental specifica- both spacecraft and ground mas-|

ter stations.
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For Unmanned Missions: synchroncus orbit. The principle re-
quirements established for this mis-

• Reach, force and response sion are:
should be no greater than t:_e
operator's. Tools and uroce- Base-line Mission:
dures willbe provided when 1. Dock and tether slave vehi-

these capabilities must be aug- cle to cargo craft or refurbish-
mented, ment kit

• Manipulator system should 2. Transfer and restrain refur-

be as small and light weight bishment cargo to slave vehicle
as possible to be compatible
with low cost boosters and to 3. Dock and tether slave vehicle

simplify integration with trans - to communication s ate llite

port vehicles. 4. Open hatch and n,ake ,,'isual

' • Generally, task speed can be and electrical inspection (e'ec-
i sacrificed in unmanned mis- trical connector)

t sions to reduce system weight 5. Replace electronic module:
I and complexity, particularly

where solar recharging is a. Six captured screws

! practical, b. Two electrical connectors

' (pigtail), • Interchan_eability with man-

ned systems should reduce 6. Check out and release commun-
development costs and ira- ication satellite

, prove emergency or backup

position for user programs. Duty Cycle:

i In summary, the universal gen- 1. The system should be capable{
i eral purpose manipulator system is of repeating this operation at
! essentially equivalent to an EV astro- least ten times over a two year

naut. It would utilize the same tools period

used by an astronaut and would follow 2. In the M] S mode, each actuator

the same work procedures with the must be capable of holding max-
exception of those dictated by astro- imum forces for at least 30 se- J

,I naut endurance or exposure limita- conds (after thermal equilib-
tions, rium) without exceeding a]

motor rotor temperature of
" A preliminary design study of 220OF

manipulators for an unmanned ground

controlled system was made as part Data Link,
of the USAF/GE study. This appli-
cation was selected because it en- 1. Transmission time delay will

compassed all conceivable hardware range from 0.24 to 1.0 seconds,

and operational problems for either depending on location of syn-
manned or unmanned missions. The chronous slave vehicle to
miss fon selected was the refurbish- ground master station. When
ment of a_communication satellite in not in line-of-sight, communi-
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cation will be via one or two simplicity. The approach is practical

relay satellites, only because it was determined that
the specified duty cycle could be met

Results of with passive heat rejection from the

Preliminary Design Study actuators without exceeding the tem-
perature limits of the motors. If a

Figure 2 shows the arm configur- circulatory coolant was required, the
ation developed in the design study. "tendon" design would simplify actu-
The slave kinematics are shown in ator cooling since the actuators could

Figure 6. Master kinematics are be grouped together on a common
identical with the exception of the first heat sink in the torso. The temper-

shoulder index joint which is used to ature distribution in a stalled shoul-
extend the reach of the slave or to der joint actuator is shown in Figure
avoid obstacles. The second shoulder 7. These temperatures were reached
joint has an index bias at the slave for after more than one minute of stall,

the same purposes. The shoulde starting from a 32 °F equilibrium

joints are principally for transport condition. The calculations used
motions; wrist joint for positioning the emissivity and absorptivity values
motions. In Figure 2 an additional (after over two years in orbit) of the
torso index motion is provided to allow silicone acrylic paint used on the Geos
the android to work on equipment in satellite. No-load equilibrium tern-
the RMU. peratures are 32°F in the sun, 172°F

between sun and large reflecting sur-
The main departure from conven- face, and -400°F in earth shadow.

tion in this design is the use of servo- This latter temperature is, of course,

actuators at the pivots rather than in intolerable. However, it can be kept
the torso with tendon connections to to a reasonable -65°F by an isometric
the pivots. The pivot actuator ap- exercise producing 18 watts in the

proach provides significant weight and joint. Fo,' long periods in shadow,
reliability advantages because of its

252--o / Actuator Funct ion Pr incipa 1

No. M/S Index M/S motion
Z I

25" 1 - Shoulder x -
2 - Shoulder x x Z .

I 3 - Shoulder x X

4 - Elbow x Y

5 - Wrist x Oz

6 - Wrist x @x

_/ _ 7 - Wrist x @y
i

X_0_ 8 - Terminal x Terminal

3 M/S ffi Master/Slave Servoactuator

FIG. 6 - K_INEMATICS FOR SPACE MANIPULATOR

i
,!
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it will probably be necessary to en- tation of the specific bilateral con-

close the android, trol system is not critical and will
have little effect on the total _eight
and power requirements of the slave
manipulator tabulated in Table 4
below :

Table 4

WEIGHT, VOLUME, AND POWER
OF ONE MANIPULATOR ARM

FOR BASE-LINE MISSION

Weight

Arm 23.0 lbs

i Amplifier 17.5 Ibs
I

Total 40.5 lbs

Volume ,

Arm (stowed} 1680 in. s

J Amplifier 460 in. s

Total 2140 in. s

FIG. 7 - HARMONIC DRIVE ACTUA- Power

TOR TEMPERATURE DIS- All Joints Stalled

TRIBU TION (unlike ly)l 1330 watts
t

! Another departure from existing Expected Peak
: M/S manipulator design practice is (<0.1% of "_me} 400 watts

the use of DC servomotors. AC Average 20 watts
motors are used in the master and

slaves of present M/S manipulators CONCLUSIONS
i and they are driven by a common am-

I plifier. Radio controlled manipulators Existing manipulator concepts can
will, of course, require separate mas- meet most foreseeable space mission

ter and slave power supplies and ser- requirements. The major technology
voamplifiers. Position error is corn- problems in the space application of
monly used to provide the force feed- manipulators are in the control link.

back. However, the higher friction of On-off controlled manipulators have

harmonic drives (than spur gear drives} been radio controlled, but thus far,
may dictate that slave motor current this has not been tried with master]

or actual output force be sensed and slave manipulators. Existing teleme-

fed back for replication at the master, try equipmen_ is more than adequate
The actual se._ection and implemen- on a bandwidth basis for both command
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QUICK-_E FASTeneRS FOR SPACE APPLICATIONS

Wayne L. Martin
Billy M. Crawford
William N. Kama

Aerospace Medical Research Laboratories
anU

John Herman

Aero Propulsion Laboratory
Wright-Patterson Air Force Base, Chic

SU_JARY: HummL performance requirements for eleven hand-

cperated fasteners were determined experLment_1_!ly. _.:o
situations were investigated: (1) simulated zero-gravity and

(2) normal gra_y conditions. A six degree-of-freedom air-

bearing device was used for zero-gravity simulation. Data
analyses showed effects of fastener design and gravity

condition to be significant in terms of five dependent

measures. There was also a significant interaction between
the fastener design and gravity condition effects.

INTRODUCTION

Accessibility is essential to alternative design configurations

maintainability. If you can't get for quick-release, hand-operated

• to it, you can't fix it. It's access panel fasteners for space
almost as simple as that. The system applications.

matter is complicated somewhat by

the fact that certain individuals Hand-operated, quick-release

are less apt to acquiesce to fasteners for access panels are
"environmental barriers" than preferred to other types under
others. Among the mort extreme normal maintenance conditions.

examples is that of +.heanonymous The advantages they afford should

technician who removed and replaced be even more important in the
B-52 gunsight components without extra-terrestrial environment.

"noting" the damage to metal web- For example, hand-operated fas-

bing which he deliberately smashed teners require no tools, so the

, to gain the required access.3 astronaut's tool kit may be re-
cess determined Indi_iduals, o_ the duced in size and weight. Quick-

other hand, tend to ignore or avoid release fasteners also simplify
maintenance tasks which present the task--even simple tools are

formidable access problems. Be- difficult to grasp and manipulate
lieving that the more effective "_der pressurized suit conditions.

solution to such problems is Reduced fastener operation times

. usually found in improved design also would help minimize exposure
, rather than modified personnel of the astronaut to extra-

i selection, incentive, or training vehicular risks.
prog_-ams,we have given our atten-

' tion, in this instance, to Because the advantages are
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appa._nt, this investigation was inches. Floor dimensions are 26 x

not designed to prove the desir- 30 feet.

ability of quick-opening, hand-

operated fasteners for use in The work panel, in front of

space. Instead, the primary the subject in Figure i, is sus-

objective was to develop and apply pended from a 20-foot span of

engineering and human perfor- bridge crane. The work panel
mance criteria for selecting from assembly is instrumented to permit

a variety of designs for such fas- simulation of the reactions of a

teners. Independent variables of free-floating mass to forces

primary interest were: (i) fas- applied to it; however, the

toner design and (2) gra%_ity con- assembly was maintained in a
dition (simulated zero-gravity vs. stable position throughout this

one gravity). The principal investigation. Stabilization of
dependent variables were: (i) time the work panel was based on the

required to perform tasks involving assumption that the nmss of the
different fastener designs, (2) space vehicle involved would be

forces and torques exerted during large relative to that of man;
these tasks, and (3) user opinions hence, reactions of the vehicle

with respect to ease of fastener itself to forces applied by the

operation, worker during the task would not
be great enough to significantly
affect his performance. (More

APPARATUS detailed description_ of the sim-
ulation facility are included in

The apparatus shown in Figure references i and 2. )
1 was used to simulate maintenance

requirements under zero-gravity The work panel structure was
conditions. The support cradle equipped with 6 strain gages which
into which the subject is secured sensed forces and torques exerted

can be adjusted to acco_odate against it in the 3 principal axes

a relatively wide range of (x, y, and z). Strain gage dis-
anthropometric dimensions. It placements were transformed into
also affords six degrees of freedom electrical signals by means cf
in motion under nea_--frictionless bridge circuits. Outputs of the

condit,ons. Gimbals rotating on bridge circuits were transmitted _

ball bearings provide rotational to an 8-channel Beckman strip
movement in the roll and pitch chart recorder so that the forces ,

axes. Translation in the yaw axis and torques in the 3 principal

is facilitated by air bear_gs, axes were recorded independently

The static balance required for the and simultaneously.
vertical axis is maintained by

means of a piston and cylinder The bridge balancing network

mechanism supplied with appropri- was mounted at the rear of the

ately regulated air pressure. Free work panel structure. The force
movement in the horizontal plane is mud torque measurement circuitry

provided for by the air bearing was calibrated periodically by
pads at the base of the tripod imposing Known forces and torques

supporting the simulator. When to th_ woz_ panel. During the
supplied with air presmlre, these initial phases of the experiment

pads ride approximately 0.002 those forces and torques were
inches above the epoxy floor. The mea- _ed by means of a linear coil
floor is level to within 0.0005 spring mechanism. Later, the

=
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calibration technique was improved data were obtained. Operational

upon by substituting dead weights requirements associated with each

and pulleys for the spring fastener are summarized briefly
mechanism, in Table i. Although complete

detailed specifications were avail-
_ Although the subject's body able in most cases, they will not

i and legs were secured to the simu- be cited here. In general, the

lator support cradle, he was free specifications complied with
to move his head and work with his standard military requirements.

; hands and arms with relatively un-

! restricted freedom. However, two The work panel includes a lO-J

28-inch tethers kept the subject inch x lO-inch access opening
from drifting beyond reach of the equipped with a 12-inch x 12-inch

work panel while performing his cover panel. The cover panel was
: task. The tethers were attached secured in place by two identical

to a safety belt at the subject's hand-operated fasteners. The two

waist and snap-hooked to eyelets fasteners were separated by ii
on the work panel superstructure, inches in all but two cases.

Anchor points were separated by Fasteners 2E and 2A were 12-3/8

approximately 12 inches at the inches and 13 inches apart,

subject's waist and 2& inches at respectively. Separate cover
the work panel. The tethering panels were provided for each of
provisions were similar to those the ll different fastener types

used by Secman et al in studying investigated.
space maintenance problems. A

Eleven different fasteners SUBJECTS AND PROCEDURE

were selected for study in the

following manner. Approximately Ten paid volunteers from a

1CO manufacturers of hand-operated local ,auiversity served as sub-

fastening mechanisms were surveyed jects for the investigation, v

to obtain samples of applicable, They were all males and averaged
off-the-shelf test items. Subse- 21 years of age.
quently, 13 manufacturers submitted

a total of 21 items for evaluation. Each subject was required to
Ten of the 21 fasteners were operate all ll fasteners in per-
eliminated prior to the collection forming a representative access
of experimental data. Some were task under two conditions:

eliminated because they were (1) "simulated zero gravity" and J
essentially duplicates of others. (2) "one gravity". The one-

Others were rejected because of gravity situation, alternatively
repeated mechanical failures during referred to as the "static

preliminary tests. Still others condition, " served as an experi-

were not subjected to experimental mental control with _:hich perfor-
evaluation because they could not _mmce in the "simulated zero

be mounted in a manner that would gravity" condition could be

permit a valid comparison of per- compared.
formance data.

One half (5) of the subjects
Figure 2 shows the disassembled began testing with the zero-

components of each of the ll fas- gravity condition and the other

tenets for which experimental half began with the static
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TABLE 1

SUMMARY OF OPERATIONAL RF.QUIREMENTS OF HAND-OPERATED FASTENERS

FASTENER OPERATIONAL REQUIREMENTS

IB Push in wing head to overcome spring tension and

turn cw ¼ to lock. Turn ¼ ccw to unlock.

IF Turn wing head ½ cw to lock. No detent. Turn
1

cw to unlock.

2A Adjustable pawl positioned by lever. Lever

is caromed so that depression brings pawl in
contact with back edge of access opening.

2C Cam lock. Turn wing head ¼ cw to lock. Turn
i

ccw to unlock.

2D Captive screw with pointed tip inserted into

tapped hole. _ turns required to fasten as
well as imfasten.

2E Adjustable pawl, positioned by pawl positioning
key. Knob adjusts pawl for various panel '

thicknesses and compresses pawl to back edge

of access opening.

, 2H Push button releases f_iction lock.

AB Operationally the same as 2C.

5B Operationally the same as 2C.

_ 6A Captive screw with blunt end inserted into
; tapped hole. 3 turns required to fasten as "

! , well as unfasten.
|

, 7A Snap-slide type. Slide thrown outboard and
_ snaps under stud.
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FIGURE 2

HAND-OPERATED FASTENERS USED IN THIS STUDY
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condition. These two sequences of familiarized with the functional

environmental conditions will be character_.stics and purpose of the
referred to hereafter as tLe simulator. This required about

"simulator-static" ana "static- 15 minutes. During this familiar-

simulator" sequences, respectively, ization period, the subject gained

experience with respect to the
Tests conducted under the first instability of the simulator

condition of each sequence were primarily through two types of

3eparated from those of the second activity: (1) pushing and pulling
condition by an interval of w_th his hands against the work

approximately 3 days. The 3-day panel and (2) shifting his ce_ter--

interval was necessary because of-gravity through arm and hand
subjects were available only for movements.

a limited period of time each

day, e.g., one or two hours, For the initial condition

which was not sufficient for only (whether static or simulator),

completion of the entire experi- there was additional practice in

ment. The delay also assured each fastener operation just prior to
subject adequate rest time between the first recorded trial for each

test conditions, fastener. At this time, the sub-
ject was asked to practice

The task used in this study removing and installing the panel
involved installation and . ireT,.ova_ until he was sure that he could

of the access cover panel. Under operate the fastener properly.
test conditions, each subject On the average, this practice

performed the complete task three constituted 2 to 3 complete remove-

consecutive times with each fasten- install operations per fastener.
er type. The order in which the

fastener types were presented was Times were recorded separately
randomized for each subject, f_r the "install" and "remove"

phases of each trial and later

Prior to testing under the combined for purposes of analysis.
. initial condition, each subject

' was instructed as to the purpose of In the standard start_alg
the experiment and provided the position before each trial, the

opportunity to become thoroughly subject held the panel cover, by

familiar with the design and means of the attached fasteners,
' operation of each fastener. All just in front of the access

1 the cover panels were laid out opening. 1_hen the subject
_ _ before the subject so that he could signaled that he was ready to "

operate each fastener as many times begin, the experimenter s_arted

i as he desired. This was done to a stop watch. The watch wasminimize the progressive effects of stopped by the experimenter when

i learning during the test phase of the panel was in place with both

I the experiment. Testing did not fasteners secured. Before re-

I begin until the subject indicated moving the panel, the subject held
' that he understood the operational his hands just in front of the

characteristics of each fastener, fasteners, indicated that he was

ready, and began the removal
Prior to testing under simulated operation. The experimenter

zero-gravity, the subject was fitted started the watch again at the

into the support cradle and subject's ready signal and stopped i
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it when the cover had been removed, the force and torque data seemed
unwarranted, these measures were

After each subject had com- combined to derive estimates of

i pleted all the trials under both related physical quantities in tne
experimental conditions, he was following manner. First, the peak

. asked to rank the fasteners from i (maximum) force (F) and torque (T)

. to ll with respect'to ease of exerted during each trial were
operation, determined for each axis. Estimates

of "resultant force" (Fr) and
i "resultant torque" (Tr) were then

RESULTS computed as follows:

4

Analyses of variance were

_ applied to the human performance Fr = _Fx2 + Fy2 + FzZ (1)
i data to identify significant

effects. For analysis purposes,

i the fastener design and gravity Tr = ,r_x2+ Ty2 + Tz2 (2)
conditions were treated as fixed

factors since there was no intent

in either case to generalize In turn, the resultant force

beyond those levels for which and torque estimates for each trial

i data were obtained. Subjects, were multiplied by the asseciated

on the other hand, were treated as trial time (t), in seconds. These

: a random variable to permit geuer- two products were termed, respec-

alization on the basis of the data tively, "resultant momentum" (Mr)
sample. Preliminary tests showed and "resultant angular momentum"

no systematic trials effect or (Mra). Thus:
gravity condition sequence (i.e.,
It "

simulator-static" vs. static- Mr --- (Fr) (t) (3)
simulator") effect; hence,

procedural measures taken to Mra = (Tr) (t) (_)
minimize practice effects were

regarded as effective. Despite physical "impurities,,
the two momentum values seemed to
be reasonable indexes of the

Task Times amount of effort associated with

fastener operation in this
The analysis of variance investigation.

summary for task times is shown in
8

Table 2. Note that all effects The summary analysis of variance
except the fastener X gravity for the resultant momentum

condition interaction were data is shown in Table 3.

statistically significant. Figure Results of the other three

3 depicts graphically the effects analyses involving force or
o_ fastener design and gravity torque measures were almost

condition in terms of operation identical in terms of significant
ti_,e. effect s.

Figures A through 7 show

Force and Torque Measures the effects of gravity condition
and fastener design for de-

Because the effort required pendent measures i_Ivolving force

for a more rigorous treatment of or torque, i.e., Fr, Tr, Mr, and Mra.
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TABLE 2

SUMMARY ANALYSIS OF VAR.IANCE FOR FASTENER

OPERATION (INSTALL-_OVE) TIME DATA

Degrees
Source of of Sums of Mean SiKnificance

Variation Freedom .Squares Squares F(df) p_

Sub_ects (Ss) 9 4298.14 477.57 i0.85(9,AA0) 0,01

Gravity

Condition (A) i 1262.43 1262.A3 13.66(1,9) O.O1
Fasteners (B) I0 21630.57 2163.06 21.03(10,90) 0.01

Ss x A 9 831.9& 92.AA 2.10(9,&_0) 0.05

Ss x B 90 9256.O1 IO2.8_ 2 33(90,_J40) O.O1

A x B IC 886.50 88.65 i.iO(iO_90) N.S.*
Ss x A x B 90 7195.67 79.95 1.82(90,M40) O.Ol

_thin Replicates
(Trials) _AO 193.[_.98 43.98

TOTAL: 659 6A711.2A

*Not Si_ificant

TABLE3

SUMMARY ANALYSIS OF VARIANCE FOR RESULTANT

MOMENTUM DATA (DIVIDED BY iO00)
,_#

, Degrees

Source of of Sums of Mean Significance

I Variation Freedom Squares Squares F(df) p_

Subjects (Ss) 9 4.66 0.52 A.63(9,AAO) 0.O1

Gravity
Condition (A) 1 3.59 3.59 13.82(1,9) 0.01

t Fasteners (B) IO 10.14 i.O1 5_86(10,90) O.O1

Ss x A 9 2.3& 0.26 2.33(9,_O) 0.05

Ss x B 90 15.57 O.17 1.55(90,&AO) O.O1
A x B iO 3.23 0.32 2.28(10,90) 0.05

Ss x A x B 90 12.71 O.l& 1.26(90,_O) N.S.*
Within Replicates

_ (Trials) 440 49.71 O.ii
!

! TOTAL: 659 lOl.AlJ

I *Not Significant
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Lower rankr indicate greater ease

22 /',F of operation. A Spearman rank-
20 difference correlation coefficient

20 of 0.75 (p_.Ol) was obtained

_ii between the subjects' judgments

_s and operation time averaged across

2o both gravity conditions. Spear-
,_ man rank-difference correlatJou

coefficients were also computed

z !!_.._ between the subjects, raI_<ings of
__,4 the fasteners and each of the four

z 2A indexes involving force and torque
"I, o ,2 _ measures. Coefficients obtained

aK

'" for resultant force and torque

i _ _o were not statistically significant.Z

i .., 2A They were -0.38 and -0.18 for
' _ _----.-.-2 C
. s force and torque, respectively.

__----- I B

2c__ For resultant momentum and
IB_ _4B

_B resultant angular momentum, the6 4B

ss- coefficients were 0.63 (p<.OS)

' and O.E9 (p_.05), respectively.
4 _YA A complete set of intercorrelations

' 2HZA 2H between the various dependent
STATIC SIMULATOR measures is shown in Table 5.

Figure 3. Effects of Fastener
Type and Gravity Condition on Experimenter Observations

Operation Time.
The e_erimenters also made

certain specific observations

Subjective Estimates during the experiment which are
not directly reflected in the

Mean ranks, based on subjects' recorded data. A compilation of

judgments of ease of fastener these observations, by category,
operation, are shown in Table _. is shown in Table 6. The fact

that fastener 2H failed twice may
Mean be of particular interest since

Fastener Rank it tends to be on__ of the bc_ter J
fasteners in terms of other

2H (Push button with handle) 1.3 criteria. Both failures were

7A (Snap slide) 1.7 due to shearing of the stud.
2A (Pawl with lever handle) _.l Fastener 2H was also subject to

5B (Winghead cam lock) 5.8 mechanical bind problems.
2E (Pawl with knob) 5.8

AB (Winghead cam lock) 6.2 Note that operation of the
1B (Winghead cam lock) 6.7 pawl-type (2A and 2E) fasteners

2C (Winghead cam lock) 7.2 frequently involved alignment
6A (Captive screw) 8.O and positioning problems.
2D (Captive screw) 8.3 Fastener 2E also produced more

]2 (Winghead cam lock) 9.9 "false positive, reports,, than any
other fastener. The term "false

Table 4. Mean Ranks Assigned by positive reports" refers to

Subjects to Indicate Relative Ease instances when the subject indicated
of Use for F_,chFastener. that installation had been effected :
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although it had not. second lowest, for 2]4. For

resultant angular momentum, scores
for 2H and 7A ranked first and

DISCUSSION second, respectively.

Of primary concern for the For the resultant force

purposes of this study are the _ measures, 7A retained its high

effects of gravity condition and ranking, second, but 2H dropped to

fastener type ana perhaps, the last; hence, 2H's good standing
fastener x gravity condition inter- on resultant momentum was due

action. The two main effects we_'e solely to low operation time. The
statistically significant for every lowest resultant force score was

dependent measure. The fastener x obtained for fastener 2D, one of

gravity condition interaction was the screw type fasteners.
statistically significant in terms

: of the force, torque and momentum In terms of resultant torque,
: measures but not in terms oi" the two best scores were obtained

operation time. for fasteners AB and 2D, in that
! order, while fasteners 7A and 2H

dropped to third and sixth

i Gravity Condition Main Effects respectively. It may be important

to note that although fastener 4B,

Mean operation time was a cam lock mechanism requiring one-
approximately 30% greater for the quarter turn to operate, was not

simulated zero-gravity condition, especially favored by the subjects

i.e., ll.6_ seconds for zero-gravity (mean rank = 6.2), it ranked no
vs. 8.88 seconds for normal gravity, lower than fourth on any of the
However, the momentum data, which other criterion data.
reflect force and torque as well as

time, suggest that amount of effort Fastener 2D, on the other
required for fastener operation hand, did not show such consistency.

may be almost twice as great for Fastener 2D, a screw type device,

zero-gravity as for normal gravity, ranked above average on force and
Mean resultant momentum measures torque measures but fell to last

were 155.57 and 303.1A for the place on the basis of time scores

normal gravity and zero-gravity and subjects' rankings. This
conditions respectively. Corre- pattern, which is also characteristic

sponding values for resultant of rankings obtained for fastener

angular momentum were 3888._0 and 6A, a second screw type fastener

7936.22. included in the sample, is con-

sistent with the subjects' tendency
to place a premium on short

Fastener Design Main Effects operation time rather than low

force requirements.
Fastener 2H, the push-button

friction lock, and fastener 7A, With the subjects' apparent .
the snap slide device, proved emphasis on time, the negative

superior to all others in terms of correlation between force require-
the time and momentum data. The ments and subjects' rankings may
lowest mean operation time was be traced to the fact that some

obtained for 2H; the second lowest, fasteners (notably 2H, 7A and 2A)

for 7A. The lowest resultant were designed to be operated by
momentum sco1_ was for 7A; the impulsive forces, while others

_;
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were designed for operation by CONCLUSIONS

repetitive, low-level forces,

e.g., 6A, 2D and ZE. The Spear- Results of this investZgation

m_n rank-difference correlation support the following conclusions.
between time and resultant force

was, in fact, -O.3_. 1. Fastener operations in

removing and installing access

Fastener 7A is exceptional in cover panels required, on the
that its design allows a pair of average, 30% more time under _.

such fasteners to be mounted so simulated zero-gra'<ity conditions i

that simultaneous operation acts than under normal gr_.vity.
to cancel transmitted forces.

2. Torque and force require-
The foregoing considerations, ments, combined with operation

in combination, account for the time as an index of level of

fact that time was found to be a effort, suggest that performance

better predictc _ of _abject requirements for a fastener

preferences th, ,_ he resultant operation task are almost twice
momentum index wJ_ch reflects both as great under simulated zero-

time and force, gravity as under normal gravity.

Another general observation 3. Two fasteners, one equipped
of the experimenters was that several with a push-button friction lock

fasteners fared poorly because their and the other a snap-slide

design features uid not include mechanism, showed definite

positive visual cues as to functional advantages over the nine other
status, i.e., locked or unlocked, fasteners included in this

investigation in terms of operation

time and subject preferences. ,

Fastener Design-Gravity Condition Although operation time was _ .,
Interaction slightly lower for the push-button

device, resultant force and torque
The significant interaction measures cast the snap-slide

between fastener design and gravity fastener in a more favorable light.
condition supports a basic notion

with respect to the relationship &. Operation time was more

between task difficulty level and highly correlated with subjects'

, zero-gravity effects, i.e., the more fastener preferences than were

: _ difficult the task under normal indexes of the forces, torques
gravity conditions, the greater the and momentum associated wit,,

_ performance decrement under zero- fastener operation.
gravity. (See Figures 3, 6 and 7

especially. ) It also should be noted

i that weightlessness is only a small RECC_4MENDED RESEARCH
_" portion of the stimulus complex

encountered by the astronaut in the Additional research on hand-

actual task of space maintenance, oper-ated fastener design is needed
; The increased performance requirements to evaluate the effects of

_ identified in this study may very well encumbrances imposed by pressure

interact with the remaining stinmlus suits such as are required for
environment to increase demands extra-vehicular space operations.
on the astronaut even further.
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EXPERIMENTAL AND ENGINEERING RESEARCH STb_IES ON
TOOLS FOR EXTRAVEHICULAR MAINTENANCE IN SPACE

Lawrence B. Johnson, Ph.D.

Raff Analytic Study Associates
Silver Spring, Maryland

SUMMARY: The joint engineering/exFerlmental
program objective is to evaluate space-tool
mitten concepts by the development of bread-
board models. These models were used by main-
tenance operators in a series of small experi-
ments that were designed to offer inputs to the
evolving tool design.

INTRODUCTION
board models of space-tool

Raff Analytic Study mitten concepts. The desig-
Associates has conducted a nation :'space-tool mitten"
research program on space has been selected to include
maintenance concepts and tools both developed tools, tbe
for the National Aeronautics space mitten and the tool

i c mitten. Each of these tools
and Space Agency i z_',_,@December of 1966. The is a multipurpose power tool
major purpose of this multi- that was designed to function
phased research program was to as a wrench or screwdriver. -

develop tool mitten concepts The to_l mitten is an impact
for possible use in extra- tool (Figure i) that was
vehicular activities (EVA) and designed as a cylindrical
to review existing literature metal structure having storage

' on maintenance performance sites for tool attachmentst

decrements resulting from emplaced within annular wells
weightlessness and pressure toward the face of the tool.
suited conditions. I will Tool attachments can be ex-
only discuss the tool mitten changed by merely pulling a
development phase of our work particular attachment out of •
today, its well and then mating it

to the chuck of the tool
mitten. Each attachment Is

. PURPOSE restrained by a flexible
, metal clockspring and slip -

The purpose of the ini- ring. The space mitten
tial experimental and (Figure 2) originally planned
engineering effort was to for bare-handed operation,
develop two operating, bread has its motor near the main-

tenance worker's elbow and
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i. loom ATTA CF_,:,._fIT_

2. TOOL WELL(STORAGE SITES)
3. FLEXIBLE METAL CLOCKSPRING
$. PHILLIPS HEAU, SCREWDRIVER

FIGURE 1 -- TOOL MIT'_ '_ (Breadboard Model)

A_ _ ,_

i. MOTOR
2. SWITCH

DRIVE TRAIN

5. CHUCK

FIGURE 2 -- SPACE MITTEN

(Breadboard Model )
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i. SCREWDRIVER ATTACHMENT
2. HEX SOCKET ATTACHMENT

FIGURE 3 -- TOOL CUFF

(Breadboard Model )

was not developed as an impact stud, expands and binds the
tool. It was designed for socket. To remove the socket,
manual and power applicat!ons, the operator backs off on the
A tool attachment storage site nut, thereby allowing the nut
called a tool cuff (Figure 3) to release the engaged socket.
is used as an accessory to the Allen head, slotted, and
space mitten for the storage Phillips scre,wdrlvers are held
of hex sockets and screwdriver in place by the saueeze action
attachments, of the inner walls of small

! chambers that bind the screw-
The tool cuff operates on driver attachments. The re-

' the principle that the tool moval of the screwdriver
attachments will be stored merely allows the internal •
separately from the _ooi. How- walls of the c_llnder to

, ever, the storage and removal relax, thereby releasing the
of tool attachments will tool.

. require the use of the power
tool. The storage sites for Two maintenance task
the impact wrench sockets are assemblies, a maintenance
tapered studs containing split panel and a maintenance task
captured nuts. Each tapered cylinder, were developed for

' stud retains a single tool use tn five of the six exper_ _
socket; as the socket is em- men+al evaluations. Both the
placed and torqued, the split maintenance panel and the
nut is driven down over the maintenance task cylinder were

tIV.4.3
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employed in the static (sta- ciated with pressure suit
tionary) mode during testing, wear and weightlessness.
However, the maintenance task Since the space wor_er will
cylinder (Figure 4) was also be somewhat restricted in
suspended from a spring mobility and dexterity, one
(dynamic mode) that permitted solution to efficient tool
restricted five degrees of design is to combine several
freedom. Further, the mainten- operations into one, thereby

; ance task cylinder was modified relieving the worker for
during Phase II to accomodate a critical activities yet re-
simulated spacecraft hatch that raining the one-handed opera-
had thlrty-six I/2-1nch hex tlon concept. An example of
bolts placed 2-1/2 inches apart this goal is the design of a
around the periphery of the space-tool mitten that not
hatch. The task cylinder was only provides the space
also designed to be used to worker with suit-glove pro-
evaluate the ease with which tection, but also allows for
operators could work within rapid tool attachment
confined spaces. Figure 5 exchanges. Further, these
shows one side of the task tools are designed to allow
cylinder and the egg crate the operator greater access
dividers that permitted depths to work areas by the
of 6, 9, and 12 inches and relccatlon of the tool motor
overall square dlmenslons of away from the working end of
8 x 8, 12 x 12, and 16 x 16 the tool, thereby achieving
inches, less bulk in the forward end

of the tool.

STUDY GOALS
AND DESIGN OBJECTIVES The plan of the research

program, conducted by Raff
It is apparent that the Associates under Contracts

goal for developmental EVA NASW 1537 and NASW 1590, was
tools must be _o alleviate to evaluate the space-tool
performance d_crements asso- mitten concept by performing

._
p I I '

G

i
i. METAL BAR
2. SPRING
3. SPACE MITTEN

FIGUR_ 4 -- MAINTENANCE TASK CYLINDER
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i. EGG CRATE DIVIDERS
2. SCREWDRIVING PLATE
3. HATCH COVER INTERFACE

: FIGURE 5 -- "EGG CRATE" DIVIDERS ON
: MAINTENANCE TASK CYLINDER

a variety of human factors fiberglass shell to made the
' experiments. The experiments tool lighter in weight.

were aimed at gaining an in-
sight into the design of tools The basic philosophy of
for a space maintenance worker the evaluation program was to
performing extravehicular main- identify and correct design
tenance and assembly tasks in deficiencies in the initial •
a zero g environment. The breadboard models by using

, design objectives for this pro- human factors experiments and
gram were: (1) to develop a engineering analyses. These
space tool for bare-handed research studies wer_

operation; (2) to develop a performed in order to develop
. multipurpose power tool; (3) firm requirements for an oper-

to allow for rapid and effi- ational prototype space tool.
cient tool exchange procedures;
(4) to offer suit-glove pro- Even though engineering
tection; and (5) to permit one- developmental and experimental '
handed tool operation. In the efforts are generally per-
course of our design and eval- formed sequentially, experi-
uation program, Raff Associates ence has shown that the two
personnel added a number of efforts complement each other.
other objectives or concepts as However, it was not always
follows: (1) locate the center possible to separate the
of mass at the operator's hand; rationale for re-tooling on
(2) utilize a self-contained the basis of mechanical or

power source; (3) design for electrical deficiencies, or on
less tool bulk in the front end the requirements of the human
of the tool; and (4) develop a operator for comfort, safety,
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an4 visibility. Therefore, the tool cuff.
some compromises in rigorous
experimental control were made.
Sometimes compromises were ma3e EXPERIMENT 1

i because of emergency tool and
' maintenance task assembly re- This experiment was con-

pair. ducted to evaluate operatorperformance when using eitheri

! The experimental orogram the tool mitten or space mit- ,
; consisted of five small experi- ten to perform a number of

ments identified by the follow- torcue_n_ tasks. The mainten-
ing designations: (I) Space ante task was tJ tighten five
Mitten and Tool Mitten Evalua- hex bolts of the same size in-

tion; l_I Manual Tool Evalua- to a metal bar containing im-tion; Hatch Test; (4) bedded welded nuts. There
Screwdriving Test; (5) Access were five hex bolt size_
Area Study. In addition, a ranging from 3/4 to 7/16

' Qualitative critical evaluation inches. Further, the subject
was made of the performance of either performed this task
maintenance workers using the while the maintenance task
space mitten with the tool cuff cylinder was sta ionary (static
and using the tool attachments mode) or when the cylinder was
of the tool mitten, susp. "-d from a triangular

: suppo_" dynamic mode)., The most recent effort,

Phase III, of the research and Performance was measured
development program was a basic in terms of the time taken to
engineering development of a
prototype, impactor type, mult_ complete the tightening task.
purpose space tool. The device The results indicated that
features a fiberglass shell and there was ,in significant dif-

ference between the perform-
human engineered internal con- ance of the two tools when the
trois. An artist's conception
of this device is shown in meintenance cylinder was in
Figure 6. Figure 7 depicts the the static mode. In fact
space-tool mitten about to re- there was only a slight three
trieve a tool attachment from percent superiority in the use

of the space-tool as comnared
with that of the tool mitten

:>\ in the static mode. On the
other hand, the perfocmance

"_ with the tool mitten took 37
, _ percent longer than the task

:._ _ performance with the space-

" "_I_1_' too). in the dynamic mode.!G, _?J _ in reviewing the data foza particular tool under static
i. CHUCK and dynamic modes, it was

" 2. FIBERGLASS SHELL noted that operator's perform-

_l MOTOR ance with the space mittenBATTERY (Not Sho_) increase_ from 13.9 seconds to
FIGURE 6 -- SPACE-TOOL MITTEN 24.1 seconds (approximately a

(PROTOTYPE)
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i. SPACE -TOOL MITTEN
2. TOOL ATTACHMENT

STORAGE SITES '_
3. FIBERGLASS CASE

J

FIGURE 7 -- _,,uL t.__

73 percent increase). On the experience were used. The
other hand, when one considers task for these subjects was _o
the performance time under tighten 37 of the 36 i/2-inch
static and dynamic modes for hex bolts distributed around _ i

operators using the tool mitten the periphery of the hatch
, the increase from 14.3 to 33.I cover that was attached to the

i seconds was an approximate 132 maintenance task cylinder.
p,rcent increase_ The task cylinder was eitheri

I in a static or a dynamic modeThese results clearly during this experiment. The

I indicate the superiority of the experiment was planned as a
space mitten under these tasks 2 x 2 x 2 factorial design in

I conditions when the worksite which the variables were: (I)

j is unstable. No significsn_ task cylinde2 in either the- learnimg effects were observed dynamic or static mode, (2) .
i during the three trials that space mitten versus tool

were require_ in either mitten, and (3) subject 1 l
' tightening or !oosening of the versus subject 2. The study
i five hex bolts was conducted _s a compTete

} factorial with the assignment
of the experimental conditions

: EXPERIMENT 2 by Latin square randomization.
Each subject participated in _

This experiment was nine blocks of the experiment;
basically a validation of the each block consisted of four
previously d£scr_bed experimen_ trials of two tools with each
Fcr this particular experiment, tool used in the dynamic and
two subjects with maintenance static modes. Unfortunately,
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- some of the bolts became cross The same two experienced
threaded or damaged during the su_jects were used in this
experimental trials. However, experiment. The task of the
due to the rsndomlzation pro- subjects was to tighten five

: cedure these problems were recessed Allen screws wlth
rather constant for all experi- screwdriver bit sizes 3/16,

i mertal treatments, i/_ and 5/16 inches. For this
particular experiment, the

The res_!ts of this experi- excessive torque of the tool
ment indicated essentially m_tten was reduced b_T an auto-

i eauivalent performance with the transformer that lowered the
' space mitten and tool mitten voltage from 120 to 70 volts.

for the hatch fastening opera- This procedure prevented the
tion while the cylinder was in tool from damaging the nuts
the sDatic mode. Although, the and bolts as it had in previ-
analysis of variance did not ous experiments. This experi-
reveal a statistically sig_nifi- ment was conducted as a 3 x 3
cant difference between the factorial design with Latin
performance of the two tools in square randomization of exper_

• the dynamic mode, the data in- mental conditions.
dicates that the tool mitten's
performance time was 19 percent The results indlcated that
longer than the space mitten's the space mitten was signifi-
performance time. It is in_er- cantly more efficient than the
eating to note that the decre- tool mitten or hand operated
ment in performance resulted in crank. The two operators
a 241-percent increase in time. took approximately 61-percent

; On the other hand, performance longer to complete the task
with the tool mitten resulted with the tool mitten than with
in a tr._mendous 321-percent the space mitten. Further,
time increase. These results the use of the hand operated

tend to substantiate those crank resulted in a 141-per-
i findings noted in the earlier cent time increase for the

experiments. It appears that performance of these screw-
the dynamic cylinder mode as a driving task, as compared with
simulation of a frictionless the space mitten.
work environment offers a
reasonab]e fascimile. It appears from this

experiment that such multi- '
purpose functions are well

. _XPERIMENT 3 within the realm of capabili-
ties for the next generation

As part of the overall of space-tool mittens.
research plan to evaluate the
multipurpose features of the

_ space-tool mitten, a brief EXPERIMENT 4
experiment was conducted to
investigate the capability of This experiment was con-
the space mitten and tool ducted to investigate the ease
mitten to operate as a screw- in which various toels could
driver. In addition, a speeder reach simple worksltes areas
handle or crank was used in the when accessibility to areas
investigation, becomez a problem. The sub.
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iects' task was to use a tool and the location of the tool

(space mitten, tool mitten, attachment around the perl-
Allen key, or crank) to mate phery of the tool cause visi- •
with the five Allen screws that b!lity and control difficul-

were located on a metal plate ties.
within the access opening. The
subject was not required to We further noted that tool

complete the screwdrivin_ attachment exchange was
operation but merely to be able extremely 4ifficult. For

to mate the tool with the five example, the retaining ring on
fasteners mhe "e_= crate" the chuck remained ouite stiff

dividers allowed the subjects during the evaluation end
a variety of access apertures, caused operators to use a

The particular pa%rings of great deal of force in con-

access depths and access areas pressing the retaining ring
were randomly assigned to the while placing tool attachments

nine experimental blocks. Each on the chuck. Further, the

experimental block consisted of tool attachment exchange is
four trials with each of the made even more difficult be-

four tools. _ne subjects gave cause the length of the tool

their preferential rankings of is such that the operator is
the four tools during each of unable to effectively use his
the nine experimental blocks, opposite hand to make the tool

The results of this prefer,n- exchanges• _]e problem was
tial ranking indicated the related to the tremendous out-

following: The Allen head put torque that was quite ,x-
wrench was preferred over the cessive for the maintenance

other three tools followed by tasks required in the program.

the crank, space mitten and Because of the h_gh torque,
tool mitten. These rankings nuts, and bolts often became

are based upon median rankings cross threaded during the

over all conditions. . experimental series.

This experiment suggests The space mitten was much
that for screwdriving opera- smaller than the tool mitten
tions in which recessed hex since its overall diameter

head tools are used, cony, n- was reduced by having the
tional too _, that is, Allen motor t_ward the end of the

head wrenches appear to be more tool. Further, the intro-
suitable. The choice of _ duction of a canted handle

power tool for this function that still allowed the opera-
must necessarily depend upon tor positive control of the
the frequency and number of tool resulted in some reduc-

these operations that are re- tion of the overall diameter.

quired. The canted handle was dis

placed about 15 ° I'rom the
ve tical snd had a cross

ENGINEERING EVALUATION sectioned T-shaped handle.
T_e narrow end of the T fitted

The tool mitten previously easily into the V of the

• illustrated is quite bulky and grasping hand. It is thought

unwieldy. The motor location that in later designs of the
! in front of the operator's hand space mitten, the front

i IV.4.9
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structure should }-e reduc£d in It has not been determined

size to further improve visi- whether we will continue to

bili +'" and control for the develop the current space-tool

operator. It is also felt that mitten for rigorous simulation
further reductions in weight and actual flight tests or

and size can be accomplished @evelop an entirelv new mitten

while still allowin_ the opera- concept. We feel at this

: tot adeouete freedom of motion juncture that we have demon-

during tool use. strated a valid conceot in th_s
space-too! mitten.

SPACE-T00L MITTEN

The potential advanta_es
Following the experimental/ of our concepts are as follows:

research program just discusse_ (i) potentially a bare-handed

Raff Associates developed the tool oF-ration, (2) multipur-
tool shown earlier in Fij_ures 6 pose power tool, (3) rapid

and 7 called the space-tool tool attachment exzhan_e, (4)

mitten. This device embodies suit-glove protection, (5) on_
many of the findings and con- handed operation, (_) center

' cepts that were developed of mass at the operator's hand,

i durfng the experimental pro- (7) less tool _u!k in the
i gram. One innovation was a front end of the tool and ($)
, tool that was developed with a fiberglass housings for space

fiberglass shell in order to tools. Further, we bel_eve
i reduce the weight. Further, that our methodology of matin_

the space-tool mitten is engineering and experimental

: powered by a silver cadmium testing is also ouite valid

battery that runs an approxi- for contributing to overall

mate i/4-horsepower electric design improvements.
motor. The silver ca_mimm re-

chargeable batter_/ is housed on We believe that we are
the side of the tool and is in moving in the right direction

a position to allow quick for- for better space tool designs.

ward loading battery exchange.
The tool has a 3/8-inch chuck

and will accept a variety of REFERENCES
bex sockets and screwdriver

attachments. The tool cuff i. Johnson, L. B.. Phase I

associated with the space-tool Report: A Reviewo---_--
mitten is also made of fiber- MaintenanCe Perform-ance '

; glass and operates on the same Decrements Resu--_.ing
essential principles described r_-r-gmWeightlessness and
earlier. Raff Associates feel _r_sh-_4 _-_f£--o_[Tt-f-65s,

that at the present time we are (Raff Ana_c Study
at an interim step in the Associates, Inc., Report

• development of the space-tool No. 66-23), 27 February
mitten. We have not formally 1967.
evaluated this second genera-

: tion space tool, but we see the 2. Johnson, L. B., E. R.

need for an evaluation program Wilcomb, S. J. Raff, and
. under simulated zero-g and P.W. Havener, Phase I

pressure suited conditions. Final Report: Research
Program on Tools for

IV.4.10

...... II ....... III llllll ..........I ......... II]............. I ........ I llIIl .................. Ir .......................................... II 'LI

1971066602-259



Future Manned Space

FYL.-_ts, (R-aff A-na]_:;t;c
Stud',, /_ssociates. Inc.,

_N
ReDort No. : -2 I_). NASA-

CR-S5556, 27 March 1967

3. Johnson. L.B and Havener,
P.W., Phase II F_nal

Report : E_p_r ime--_l
ResearcP _tudies on Tools

i_a ve h icu_lar--Ma1_-

tenance in Space, Raff

Analytlc Stuy-"y4y---Associates,
Report J_-9, NASA-CR-
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COLD CATHODE WELDING FOR SPACE APPLICATIONS

Marvin L. Kohn
Industrial Products Department, Hamilton Standard

Division of United Aircraft Corporation
Windsor Locks, Connecticut

and

Carlan W. Silba, 1/Lt, USAF
Air Force Aero Propulsion _._boratory
A PFT

Wright-Patterson AFB, Ohio 45433

SUMMARY: A program was performed involving design, fabrication
and test of two manually-operated cold cathode electron beam welding
tools. One tool produced a disc-like electron beam for welding
tubing, and the other, a planar beam for welding sheet metal. Both
tools fit on a single handle.

INTRODUCTION "Aon-keeping crew never is imperiled.
Such structures must be capable of con-

Recent advancements in space tech- taining a life-sustaining environment. Un-
hology require methods to be developed less a "shirt-sleeve" environment is nmin-
for sound, leakproof joints ia e.xtTater- tained within the structure, many complex
restrial structures. Anticipating these situations will result. 'Bhirt-sleeve" en-
needs for "space fabrication" can provide vironments in space or on the moon must

: an insight into the growing importance of also be enclosed within a hermetically-
! this area of fabrication technology, i or sealed container to ensure retention of

-: example, large boosters become ineffi- air.
_ cient with increasing booster size, re-
' quiring the weight and/or volume of the Although many mechanical methods

payload to be limited. The effects of this exist for the preparation of "leak-tight"
limitation can be bypassed by sending the joints, not one of them can equal a metal-
payload aloft in segments and assembling lurgical bond heremetically. The inad£-
it in space. Smaller and less powerful quacy of mechanical join_;s is related to the
boostcrs also could be used to power large leakage which remains =£ter completion of
payloads over very great distances if the even the best joint. When a large struc-

payloads originated from sources having ture is fabrinated using mechanical joints,
less gravity than earth (e. g., from an or- the total leakage of all the joints can result
biting space station or from the moon), in a significant loss of atmosphere. This

atmosphere must be replaced to ensure the
Complex space or moon stations will safety of t,e inhabitants. If the loss, due

- have to be manned, and be of high struc- to structural defects, become_ sufficiently
tural integrity so that the safety of the sta- large to affect the '_aormal" resupplyI ,q
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schedule, then the effective cost of the The electron beam produced by a cold
structure increases, and can easily be- cathode device can be shaped in a pattern

come greater than the first manufacturing fixed by tbe cathode configuration. _';_is
cost. Thus, a method must be provided unique characteristic pr,_,,ides the basis

i for in situ fabrication by welding of such for the inherent simplicity of the tool
structures, wheI eby heat energy is transferred to

the workpiece in a pattern fixed by the
in addition to the need for a welding cathode configuration. This feature of

method for primary fabrication are the the electron beams produced by cold
requirements for ropair and maintenance cathode discharges was developed pri-
welding. In both cases the structural in- vately by United Aircraft Corporation.
tegrity of the assembJy and the retention The advantage of tids "extended geometry"
of a habitable environment are of para- electron beam for extraterrestrial joining

i mount importance to crew safety. There- is obvious:., few simple cathode configu-
; fore, any fabrication repair or normal rations can provide a great degree of
i maintenance procedure must include this joining versatility without requiring sig-

i capability for fusion welding. Thus, it nific_lt operator skill.
: will be necessary to provide metals joining

equipment for the use of astronauts during In addition to welding, the materials
extended missions, juining tool has been used to prepare a

brazed lap joint. Other programs now
Normally, welding is a highly skilled underway at United Ailcraft have shown

trade that frequently requires many years thrL cold cathode electron beams can be
for development of high-caliber proficien- applied successfully to heat treating and
cy. Therefore, r£h_ting an astronautfs also to float-zone growing of single crys-
skill to this requirement results in three tals.

• possible alternatives:
!

_" a. Train the astronaut to perform the ELECTRON BEAM GENERATION
welding task,

Electron beams in cold cathcde devices

b. Train skilled ,." iderb to become are the result of abnormal f]o_ discharges
I astronauts, or in low pressure gaseous regions. The ,

cathodes are at high negative potentials
c. Devise a welding process that is while the remainder of the system is

manual, yet sufficiently automatic maintained at ground potential. The low
so that little training beyond the pressure (approximately 0.1 to 1 Torr,
most rudimentary indoctrination depending upon the gas, is required to
will be required, provide gas atoms for plasma formation.

If the quantity of gas atoms (e. g., the gas
Obviously, the third alternative is most pressure) is too high or low, the abnormal

desirable because it permits every astro- discharge producing the directed electron
naut to function as a skilled welder when- beam will not form.
ever the need arises. This is the primary

philosophy behind the use of an electron During operation, the ambient gas is
beam produced by a cold cathode as the transformec] into a plasma by the potential
heat source for extraterrestrial welding, difference between the cathode and ground.

IV.5.2
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The positive particles in the plasma are beam are heated by it, and as a result,
attracted to the cathode and strike it this method of beam operation is undesir-
causing secondary emission of electrons able.
from its surface. Also, some neutral
particles and photoav will strike the ca-

thode causing additional secondary emis- EQUIPMENT DESIGN
sion electrons to b_ formed. The secon-

dary emission electrons, and also the The design of the material joining tools
electrons form_ as a result of the plasr, m was based upon basic operational and pby-
formation, are directed away from the sical requirements. Essentially these
cathode with a velociW related to the po- were:
tential of the cathode with respect to
ground, a. Operating potentials should be 5.0

kv or less to assure elimination of
X-radiation.

CATHODE TECHNOLOGY

,£nnular butt welds shall be made in

The basis of the beam shaping charac- 3/8-inch diameter tubing.
teristics of the cathode is related to the

formation of equipotential surfaces about 0. Full penetration is required in
the cathode, approximately parallel to the 0. 060-inch wall, 3/8-inch diameter
cathode surface. The electrons in the stainless steeltubing.
beam are accelerated in a direction nor-

mal to the equipotential s,n_faces; there- d. Windows shall be provided to per-

fore, electron beams will come to focus mit observation of the welding.
at the geometric center of curvature of the
emitting surfaces. This focusing char- e. The cathode and shield of the annu-

acteristic is relatively insensitive to lar tool will be split to provide maxi-
changes in voltage and pressure so long mum usefulness of the tool.
as the discharge operation is in the high-

voltage abnormal glow mode. f. Fixturing will be provided in the
annular tool to hold the tube halves

The beam shape can L_ altere_J to meet in the beam and to adjust the joint
the exact requirement.q of an application into the beam focus.
by the use of cathode shields. This tech-

nique has been used in the linear tool to g. Workpiece seals will be made of
; control the length of the beam. The criti- metal to preclude vulnerability to

cal factors in the use of shields are their degradation by high temperatures.
size, shape and placement. Shields

i placed close to the cathode cast a shadow h. An adjustable cathode shield will be
upon it, preventing its bombardment by provided on the linear tool to pro-

, : the plasma, thereby precluding beam duce linear beams no longer than
, formation. These shields prevent cathode __x inches, nor shorter than 0. 030

!

_ emission and axe not heated by the beam. inch.

i A second method of effecting changes in
I the beam is to physically block the beam. i. The ambient gas will be admitted to

In this method, the shields blocLing the the cathode area through the high-.
i•
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voltage potting. Linear Tool Design

j. Interlocks will be provided to pre- The linear tool shown in figure 2 is con-
vent activation of a properly wired siderably simpler than the annular tool. It

i power supply * until the t_ols are consists of a chamber with an open bottom;
safely closed, or are in full contact the cathode is at the top of the chamber to

i with the work. produce a beam whose focal line is in the
i
i plane of the bottom of the chamber. In ad-

k. The handle will contain the gas sup- dition, an adjustable shield system pro-
ply, the gas supply valve and regu- vides variations in beam length. The
lator, and the high voltage feed- weighL of the lineex tool is 4.5 pounds.
through.

Two large windows are located on the
L The handle will be oriented at 30° to opposing long faces of the tool chamber.

the plane of the work to provide a Originally, Lexan * was considered for the
comfortable operating position, windows because indications were that it

would withstand the operating conditions of
the tool and not lose transparency. How-

Annular Tool Design ever, the Lexan softened and deformed

under the temperatures reached during
The stainless chamber, shown in fig- sustained operation. Although it probably!

ure 1, is 6 inches in diameter, and 5 1/2- could be used for many welding tasks,
inches long; a 90° segment of the chamber Lexan was not suitable for welding heavy
forward of the high-voltage feedthrough gage or high melting-point materials, nor
opens to permit placing the tube segments could it be used for brazing or general
within the cathode. The window location heating. A clear grade of mica was ob-
provides an unobstructed view of the cath- tained; it was not adversely affected by

i ode and work. A simple, four-leaf shutter cathode operation, and performed satis-
assembly is used at the workpiece access factorily.
hole in the chamber to reduce the flow of

gas from the chamber to the low-pressure
surroundings. In this design, two leaves Handle Design
of the shutter are in the basic chamber,
and two on the movable "door" segment. The handle design was bs_ed upon pre-

i Two fixture adjustments are provided, the vious work at Hamilton Standard. Its size
first tightens the fixture about the tube, and and shape in effect had been tested pre-
the second moves the fixture to align the viously in Hamilton Standard's Man-Rated
joint to the beam focus circle. The weight altitude chamber by a pressure-suited test
of the annular tool, including the fixture subject using R tool with a similar handle
but excluding the handle, is 9.5 pounds. _ttan ambient pressure of 2.6 x 10 -5 Torr.

• The power supply used during this pro- A low-pressure, gaseous environment
gram was not designed for on/off control is required in the region of the cathode
from the trigger of the tool. A power sup-
plY designed specifivally for the Materials * Lexan is a proprietary plastic manufac-
Joining Tool should have this circuitry, tured by the General Electric Company.
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to supply atoms for ionization and subse- and titanium tubing, and also copper,
quent beam formation. Terrestrial cath- stainless steel, titanium and Iiastelloy W
ode devices use a bleed valve to introduce rod and wire were used for.w£1ding _es_s
a gas to the cathode area while the system as shown in table 1.
is being evacuated to produce a dynamical-

: ly i:_lanced pressure. The tool will oper-
R i ate in a similar manner: the space envi- Annular Tool

i ronment will act as the pump while the
seals, using simple metal-_o-metal con- Initial tests were performed to evalu-
tact, will provide the fixed leak. A small ate the device as a welding, tool. These
gas cylinder, a valve, a pressure regu- tests verified the speed and ease of making
lator, and a bleed valve (all included in butt-weki joints in tubing, rod and wire.
the handle assembly) comprise the gas All material was cut square and, except
supply system, when prohibited by test requ_ 'en_ents, was _

• cleaned prior to welding.
, The gas system shown with the handle

in figtues 1 and 2 consi_s of a small, 75
ml., g_-s cylinder which can be pressur- Weld Capability
ized to 400 p_ig. Downstream of the

cylinder a toggle valve is used for on-off The first test seq_uence was to study
control; the toggle action facilitates easy the weldability of the four different tubing

I operation for an astronaut wearing space materials indicated in table 1. All weld-
gloves. The ren_nder of the pressure ing was per/ormed using argon as the
syst- m, in order, consists of a needle shielding gas. The arrangement of the
valve, a pressure regulator and a second annular tool in the bell jar for these tests
needle valve. The first needle valve acts is as shown in figure 3.
as an anti-surge valve prctecting _he re-
gulator from P',ddenly receiving the full Satisfactory welds were made in stain-
inLpact of the _,as pressure within the less steel, copper and titanium; whereas,
bottle. 7ithout this, the regulator oscil- aluminum could not be joined satisfac-
lares, _ the entire contents of the gas torily. Typical welds in these materials
cylinder are lost through the regulator are shown in figures 4 and 5. The sam-
relief port. The second needle valve is ,_les shown in figure 4, titanium, alumi-
used in conjunction with the presst, re reg- num, and copper, were all made in an

J

ulator to provide gas pressure and flow argon atmosphere; the stainless steel
i cohtrol. Operation of the system will be samples shown in figure 5 were made in
! limited to a 200-psig charge within the argon and air as the ambient atmospheres.

gas cylinder to ensure that the system is
operated safely under file upper operating Additional attempts to weld alumiwn-n

level of each of the compcnents, were performed using nitrogen, helium,

and air atmospheres. These were hot

successful. It, addition to normal cleaning
WE LDING TESTS p_'ocedures, the aluminum samples were

degreased in methylethyl ketone (MEK),
_ A comprehensive series of welding abraded using emery cloth at and near

tests were performed using the annular the laying surfaces, anti then washed a
_ool. Stainless steel, aluminum, copper, second time in MEK. However, this treat-
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TABLE I. TEST MATERIALSi

SIZE ! INCH
ALLOY AND DESIGNATION O.D. WALL THICKNESS

TUBING

STAINLESS STEEL, AISI 304 3/8 0.065
COPPER, OFHC 3/8 0S,65
TITANIUM, C.P. 3/8 G.:49 n
ALUMINUM, 5052--0 3/8 0.049

WIRE AND ROD

STAINLESS STEEL, A]SI 304 0.125 -- ---
COPPER, OFHC 0.125 -- --

y
TITANIUM, C.P. 0.044 -- -- ' /

HASTELLOY W 0.035 _

SHEET
' i

STAINLESS STEEL, AISI 304 w __ 0.0_0

, STAINLESS STEEL, AISI 304 _ -- 0.030

I

ment didnotprovideany imp,ovement in aluminum with th_.toolshouldbe reeval-
i weldabilityofthealuminum. Ith_.sbeen uatedduringmanned testingby, pressure-
! hypothesized that the difficulty was be- suited test subject in a man-rated altitude
! cause the beam did not break up the sur- chamber.

face aluminum oxide. When aluminum
i samples were heated,thealuminum metal Welded h,heswere sectioned,mounted,
!
i (encased z'nan oxide sheath) was heated to and polished to provide an examir_ttion of

greater than its 1, 100 - 1,200F melting joint quaUty. Photomacrographs of the"l

i _ range whilethealuminum oxideon thesar- weld jointsin copper, staintdsssceeland
i face with a melting point of 3, 722F, re- t_tanium a_'e shown in figure 6. The pho-

i mained solid. However, the oxide layer tos verify the rJresence of full penetra-
I was sufficientlythintobe easilydoformed tionweld joints.More detailedexamina- .

t while the aluminum was molten, e_cplain- tions are shown in figure 7. The bsse
mtCal mtcros_'ructure of etainless steel, I _

i ing the puckered surface of the weld zone
seen in figure 4. shown in figure 7a, is typical of stainless :

j s_eel; the elongated voids are related to ,
i The formation of aluminum oxide pro- the tube-drawing operation. Figure 7b

ceeds s-,rapidlychatitisimpossiblefor shows theweld metal withthe outersur- :..!
, an aluminum surface to remain free from face of the tube at the t)p of the photo- _

, oxide unless the surface is mechanically graph. Large dendritic grains are ap- ,
abraded in an oxygen-free, inert atmos- parent only at the outside surface indi-

_ pbere or in a vacuum. Thus, welding cating that t_s_ surface cooled slower than
I
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A. OFHC COPPER TUBING
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• B. STAINLESS STEEL TUBING

I
C. TITANIUM TUBING

FIGURE 6. PHOTOMACROGRAPHS OF WELDS IN COPPER, STAINLESS STEEL,
AND TITANIUM TUBING, 15X MAGNIFICATION
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the inner portions of the tube wall. in air are shown in figure 8a. Note
This was the result of the heat sink ef- especially the broad, shallow melted
fect of the tube material, The titani- region. This can be seen at higher
um weld metal shown in figure 7c is magnification in figure 8b.
acicular alpha, a structure which
commonly occurs in titanium weld In tests to determine operating pres-
metal, sures and gas flow, a solid 3/8-inch

diameter stainless steel rod was in-
serted in the cathode. The tool was

Effect of Atmosphere operated at five different air pressures
and three different helium pressures;

The second evaluation was to deter- the beam current and voltages were
mine the effect of each of four different measured and the results plotted as
atmospheres on welds in stainless steel shown in fig_Lre 9. In figure 9a, the
tubing. Of the four gases tested, air, highest pressure reported for corn _

argon, helium, and nitrogen, only air pressed air is 0. 148 Torr, approxi-
did not produce good welds. A tenden- mately 0. 050 Torr less _han the lowest
cy toward incomplete penetration in the helium pressure. The power at the
welds was encountered whea welding in upper end of each of the curves was
air. Furthermore, the air caused oxi- approximately 1, 000 watts where melt-
dation of the Weld which undoubtedly ing of the rod occurred. This test
had a deleteridus effect on weld prop- indicated that three to four times more

erties, helium than air will be required to
": produce a given beam power. Further-

The average energy required for more, tests performed previously have
welding with each of the four gases was shown that air, argon, and nitrogen
determined_ese data ar_ reported in operate at approximately the same
table II. T]_ data for air are suspect pressure level.
because of _. inabflity to com_letely
penetrate _ough the. sample. The in- Nitrogen is interstitially dissolved into
complete l_netration of the welds made titanium causing embrittlement of the weld.

TABLE I!. F_FFF_CT OF ATMOSPHERE

NUMBER OF AVERAGE ENERGY INPUT,
GAS SAM PLES KI LOJOU LES

ARGON 7 21.54

AIR 6 14.42

HELIUM 7 13.39

NITROGEN 4 15.83

IV. 5.12
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A. WELDED IN AIR. NOTE INCOMPLETE JOINT AT RIGHT SIDE 15 X

t I

I B. WELDED IN AIR. NOTE SHALLOW MELTED REGION 250 X C_

_, "_'--____ - , . , .

C. WELDED IN HELIUM. NOTE JOINT TOWARD LEFT SIDE 15 X

FIGURE 8, EFFECT OF DIFFERENT GASES ON WELDS IN
STAINLESS STEEL TUBING
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Thus, neither air nor nitrogen are Effect of Material Condition
satisfactory welding atmospheres.

Helium is less satisfactory than argon The fourth eval.._ation involved making
because of the high pressure required welds in stainless steel and titanium tubing
for proper beam formation. There- in conditions which are representative of
fore, argon was chosen as the pre- those found in actual structures. The ,_,o

ferred environment, alloys were welded in three different con-
ditions: oxidized, painted, and greased.
All welds appeared to be sound; however,

Low Power, High Speed detailed tests were not performed to ex-
amine for brittleness, formation of non--

A series of samples of titanium and metallic inclusions, or for the presence
stainless steel were welded using mini- of excessive interstitial alloying elements.

mum power and minimum t_me to deter-
mine the effect of power on welding speed. The surface contaminants were accom-
These data were cov_.o_.red with other pltshed by:
samples, and the power was plotted

against the time to make the weld, as a. Heating, in air, to 750F for 1 hour,
shown in figure 10. These data are re- or

i presented by a scatter band because of the
variables affecting precise measurement b. Painting one-half of the tube surface

welding time: with black acryli¢ spray paint, or

a. The time at which welding was c. Coating one-half of the tube surface
deemed complete was based solely with silicone vacuum grease.
upon operator judgement.

Welds in titanium and stainless steel

b. The time required to raise the power tubes oxidized prior to welding are shown •
to the desired weld level and to turn in figure 11. The outward appearance of '

, it off was controlled manually, and these welds was similar to those welds
therefore was not reproducible, made in tubing that had not been oxidized.

The surface of the titanium tubing bad a
Referring to figure 10 indicates that, to tannish-brown oxide which was caused by

some limiting value, the time required to heating; this appeared to have been re-!
make a weld is inversely proportional to moved by welding.
the power. It is apparent that a wide
range of power and time can be used to Samples which were painted and greased • :
make satisfactory weld joints. If the data before welding are shown in figure 12. The
used to plot figure 10 are examined in de- greased titanium sample on the left of fig-
tail it can be seen that the energy (the ure 12 had the grease burned off the weld
product of power times time) to make a zone and an area adJac_ to it. It is as-
weld reduces as time diminishes. In a sumed that this occurred before fusion.

space flight when power is at a premium, The grease seems to have been completely
it is desirable to use high pother to mini- removed from the surface of the tube over
mize welding time. the entire region of beam impingement,

and not only at the region of melting. The
paint shown on the sample at the right in

IV.5.15
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FIGURE 10. EFFECT OF POWER ON TIME TO MAKE ACCEPTABLE
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FIGURE 11. STAINLESS STEEL AND TITANIUM SA_LES OXIDIZED
IN AIR AT 750F PRIOR TO WELDING
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figure 12 responded in a manner similar Brazing
to the grease.

The scope, of the program limited the
metals joining tests to welding; however,

Linear Tool a test was performed early in the tool
evaluation to determine its applicability to

The weld tests with the linear tool were brazing. The tool, using --. linear cathode,
performed to stddy the usefulness of the was used to prepare a lap braze joint.
tool for linear welding. Weld tests on Two sheets of copper were lapped over
0.03J-inch and 0. 062-inch stainless steel each other with an AWS type BCuP br_.zing
in butt weld configuration were undertaken, alloy sandwiched between them. The as-

sembly was heated to the liquation point
and an apparently good brazed joint was

Butt Welds produce_.

The technique employed in making welds
with the linear cathode, exposing an ex- CONCLUSIONS
tended length of weld joint to the beam,
could not be used to produce acceptable The annular materials joining tool can
welds without further development. This be used to butt weld tubing to 3/8-inch
probably was the result of small differ- O.D., 0. 060-inch wall, _nd wire and rod
ences in power across the active length of from 0. 030 to 0. 125-inch diameter. El-
the cathode. One part of the joint started fective use of the linear materials joining
to melt first, and by the time the entire tool was limited to spot welding in 0. 030-
joint had been heated to fusion tempera- and 0. 060-inch stainless steel. Stainless
ture, the molten metal in the first region steel, copper and titanium were success-
to meR bad balled up, producing a gap at fully welded; however difficulties were en-
the butt. This gap prevented the forma- countered in welding aluminum. A hypo-
tion of a good weld over the full joint length, thesis has been presented explaining that

this difficulty results from the rapid rate
i This hypothesis was proved by using the at which the aluminum surface is oxidized.
_ cathode to make a very short weld. The As a consequence, it is anticipated that
; length of the weld, diminished by closing aluminum is weldable by the materials

the shields, was small enough to reduce joining tool in the '_igh-purity" vacuum
the beam to almost a point impingement, of space.
but large enough so that a she: t line of
weld would be discernible. Such welds are The tools require a low pressure
shown in figure 13. The upper, 0. 031-inch gaseous atmosphere for beam formation.
thick, specimen was v'elded with a cathode Of the four gases tested during this pro-
having an effective length of 0. 300 inch; gram, argon is preferred for welding,
the lower specimen, 0. 062-inch thick, re- however, any of the gases tested can be

quired a larger, 1.250 inch, effective used to produce an electron beam by this
cathode length. The thicker material re- method.
qaired a_proximately 2kw of beam power to
produce the full penetration.

L
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FIGURE 13. TACK WELDS MADE WITH THE LINEAR TOOL
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EVA FORCE EMISSION CAPABILITY IN SIMULATED ZERO GRAVITY*

D. G. Norman and E. S. Miller

General Electric Company
Missile and Space Division

Valley Forge, Pennsylvania

SU_4ARY: This paper describes the results of an experi-
ment designed to evaluate and quantify raan's ability to
generate impulsive and sustained forces in an extravehi-
cular, zero-gravity environment. The work was performed
by the General Electric Company as part of a study for
the collection of human engineering data for the mainte-
nance and repair of advanced space systems which was
sponsored by OART at NASA Headquarters and directed by
the P&VE Laboratory at the Marshall Space Flight Center.

INTRODUCTION a. Given a force generation
requirement, what are the

One of the most basic demands accessibility and restrain_
to be made on man by space sys- criteria which must be tm-
tems, present and future, is the posed on the workspace
requirement to exert forces of enveIope?
various types and directions.
The need to remove and stow, b. Given a specific workspace =
assemble and disassemble, and in- envelope and restraint,
stall various structuraI compo- what are the force genera-
nents, as well as the need to tion capabilities of a
move himself wiI1 require the space-suited astronaut?
applications of forces by the
space-suited astronaut. The
experiment described here is OBJECTIVES
designed to evaIuate and quantify
man's abiIity to generate impul- The systematic variation of
sive and sustained forces under restraint conditions while me_s-

; a variety of conditions which uringmaxim,nn impulse and sus-
simulate various modes of tained force generation capa-

I restraint and accessibility, bility will provide the space-
The resultant data is of special craft designer with comparative
importance to spacecraft data on the relative values of

i designers, since it provides the specific types of restraint sys-
answers to two essential ques- tems. Varying the orientation
tions: and location of the force

receiver will also provide
*The research reported in this

i paper was carried out under Con-tract No. NAS 8-18117, for the
NASA Marshall Space Flight Center.
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comparative data to evaluate the EXPERIMENT DESCRIPTION
relative effects of accessl-

bility and variations of the work This experiment was concerned

envelope on man's force applica- with determining the effects of

tion capabilities. Although many zero-gravity on the force-pro-
of the restraint conditions to be ducing capabilities of subjects

tested would appear unreasonable as a function of the type of

in certain situations, this restraint and simulated condi-

e:_periment is designed to gener- tions of accessibility. In this

i ate sufficient information to study, the restraints were varied
assist the designer in specifying in the number of energy sinks

• and designing new and better provided to the subject and the

restraint systems than those location of these energy sinks.

i presently available. The design Additionally, the accessibility

of an optimum restraint when a conditions were evaluated by

: desired force emission capability changing the locition and ori-

is required will be possible on a entatlon of the force receiver

! quantitative basis if the appro- relative to the subject. The

priate data is available. Also, subjects performed all tasks

since the astronaut will be pro- wearing an Apollo State-of-the-

vided with a restraint system Art spacesuit pressurized to 3.7

which controls and limits his psig. Zero-gravity was simu-

movements, the availability of lated by the technique of neutral

force emission capability data as buoyancy submergence described

a function of force receiver Io- in a paper entitled A Method for

cation and orientation will assist Obtaining High Fidelity Under-

the designer in the solution of water Simulation of Man Space
the man/machine interface prob- Activities by Goldstein and

lems. Therefore, the major objec- Alvarado and presented at AIAA

tives of this experiment were to: 4th Annual Meeting and Technical

Display, Anaheim, California,

a. Measure and evaluate the October 23-27, 1967. The experi-

effects of restraint sys- mental apparatus was designed
tem on impulse and sus- and constructed to provide effi-

tained force-producing cient selection of the experi-

capability in zero-g mental condition combinations by
an underwater technician. The

b. Measure and evaluate the experimental condition combina-

effects of. force receiver tlons consisted of eight types m
orientation on impulse and of restraint (including no

sustained force-producing restraint), three force receiver

capability in zero-g distances, three force receiver

angles, and two handle orienta-

c. Measure and evaluate the tlons. Maximum impulse and sus-
effects of force receiver tained forces were obtained from

location on impulse and each of four subjects for each

sustained force-producing experimental condition.

capability in zero-g
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Impulsive forces were defined as EXPERIIdENTAL VARIABLES
the peak forces exerted during a
l.O-second interval, while sus- Nan's ability to emit forces
tained forces are defined as the in a zero gravity environment is
minimum force maintained over a influenced by several variables.
4-second interva!. The required Some of the most important are:
forces were applied in push, (a) type of restraint system;
pull, left, right, up, and down (b) force profile required; (c)
directions at all force receiver position and location of the
locations, body relative to the force

receiver; (d) orientation of
Prior to the initiation of force receiver; and (e) type of

each experimental sequence, the space suit worn and pressuriza-
subject was attached to one of tion conditions. Variations and
the restraint systems and sta- combinations of the above have
bilized in front o£ _he force been included in the experiment
receiver h_ndle. The handle had protocol to the extent limited
been previously set at one of by practical, budgetary, and
the experimental distances and equipment considerations. The
angles and at a selected orients- range of each variable is briefly
tion. When all personnel were discussed below.
ready, the experimenter initiated
signals on a test director's Selection of restraints to be
panel which displayed on the sub- used in this experimental pro-
ject's cue panel the required gram was made based on the fen-
direction and type of force to be sibility and probability of being
exerted. After a 2-second cue available for future manned space
time a "go" signal was displayed flights. Considerationwas given
to the subject, who was instructed to factors which influence the
to exert the appropriate force crew performance profile, such
until the "go" signal extin- as the number and location of

guished. After a suitable rest attachment points, rigidity of
period, new cue signals were dis- energy sinks, and freedom of

: played to the subject and the movement. Selected restraints

above pr '.edure repeated. After include:
perfox_i[,.. 12 trials or required
force exertions (sustained and a. None i
impulse forces in all _ix direc-
tions), the handle orientation b. Handhold
and/or distance was changed and a !
new sequence of 12 trials begun, c. Two-point waist strap _,
An experimental session consisted
of 96 trials, and the experiment d. Gemini-type Dutch shoes i-
required 192 sessions to complete
the data collection across all e. Handhold and waist
experimental conditions.

f. Handhold and shoes _

IV.6.3 _' "
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g. Waist and shoes The handhold of the force

receiver was oriented either in

h. Handhold and waist and shoes the horizontal plane (0 degrees)

or vertical plane (90 degrees).

The type and direction of the As previously stated, Apollo

applied forces were chosen to ob- Stete-of-the-Art suits are uti-

tain data covering all directions lized in the conduct of this

of force application. Directions experiment.

of application include: (a) push;

(b) pull; (c) left; (d) right; Six subjects were used in

(e) up; and (f) down. The left, this experiment, four exten-

right, up, and down directions sively and two as alternates.

also have direct applicability to Three of the subjects were

torque generation. Both 1-second selected to represent the 50th

impulsive and 4-second sustained percentile and three the 90th

forces are included for each percentile in height from the

direction. Anthropometry of Flying Personnel
published in 1950 by Hertzberg,

Although an almost infinite Daniels and Churchill. The

number of force receiver locations actual subject descriptive data

are possible in the volume en- is presented in Table I. They

closed by the subject's reach ranged from 25 to 29 years in

envelope, it was necessary to age (mean of 31), from 140 to

limit this variable to the plane 178 pounds in weight (mean of

described by the horizontal sweep 163), and from 5'10" to 6'0" in

of the men's arm and his reach, height (mean of 5'II"). All

Utilizing a llne drawn perpendi- subjects had high school diplomas

cular to the right side of the or equivalent, one had 2 years

chest as the O-degree reference of college and three had college

point, two additional locations degrees in engineering. All sub-

at +45 degrees (right) and -15 jects were experienced SCUBA

degrees (left) were selected. At divers and had been pressure

each of these locations, 3 dis- suit indoctrinated. All subjects

tances forward of the sagittal had passed the Air Force Category

axis were chosen to sample the III flight physical and had nor-

range in variations in force- mel vision in both eyes.

producing capabilities and in-
clude:

a. Near (elbow angle approxi-

mately 90 degrees)

b. Medium (elbow angle approx-
imately 135 degrees)

c. Far (elbow angle approxl-

merely 180 degrees)
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TABLE 1 SUBJECT DATA
FXPERIMENT APPARATUS

Sub. Wt. Ht. Educ. The underwater experiment

No. Age (Lbs.) (In.) (Yrs.) apparatus (Figure I) consisted
of a force receiver that con-

1 37 170 72.55 16 vetted the forces applied by

the subject into electrical IF
2 33 178 71.50 14 output ;Ignals, a framework to I_upport the force receiver and
3 39 150 70 12 provide the proper restraints

to the test subject, and a
4 30 140 69 16 oanel to display to the test

subject the desired force dir-

5 25 165 72 12 ection and type. In addition
to this equipment, a panel was

6 25 178 70 16 provided to enable the test
director to give Instruc_lon

to the test subject in the
Pressurization Method water.

• Two methods of providing the :.
required 3.7 psig pressure in-

: side the space suits were uti-
lized. The first was provided

by an air pressurization system _
attached to an underwater back-

! pack. Inlet and exhaust hoses \-

provide air flow for cooling --

' and CO2 removal. The second was _---I_-

i provided by a water pressuriza-
tion system located in the under- __ ""_'=_-
water backpack. This configura-

! tion provided continuouslyI
j pumped water into the suit through

a single umbilical and dumped it

! through preset, parallel dump

i valves. The two pressurization
methods were included as an

i experimental variable to provide FIG. I ° EXPT. 84A UNDERWATER
an initial determination of the APPARATUS

1 differential effects, if any,
I
] of the two pressurization modes.
1
i

1

l "
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The force receiver h_rdware force application is shown by

consists of a cylindrical shaft, illumination of the applopriate

anchored at one end with the arrow (left, right, up, or down)

handle affixed to the other end. or legend (push or pull). At

Force application is measured the end of the cue interval, a

by bending defiections in the "go" light is illuminated for a

cantilevered shaft in the Y and period of 4 seconds for the sus-

Z axes and deflections of a tained force co-,-and and i second

calibrated spring in the X axis. for an impulsive force. The test

Deflectio_l is measured by three subject applies maximum force for

orthog_nallyplaced differential the duration of the "go" signal.

transformers and is relatively

small (approximately 0.200 in./100

Ib In the X axis and 0.250 in./100 EXPERIMENT SCHEDULING

lb in the Y and Z axes). The

force receiver zs mounted on a The magnitude of the number

carriage whlchmay be adjusted in of experimental conditions

i the Y-E and X-Z planes to vary selected for i_vestigation in

elbow angle and horizontal loca- this experiment required that

tions, respectively. The carriage great care be exercised i_I the

is mounted on a rigid frame which scheduling and organization of
also provides attachment points the test sequences in order to

for the subject to the various minimize the possibility of

restraints, systematically biasing the

resultant data. The experiment

During the conduct of the was originally designed for 36

experiment, the test subject is operational days with 768 trials

attached to one of the eight on each day. The four subjects

restraints, and the appropriate were to be tested in each of

experimental conditions are set the 3456 experimental condition

up by a technician who remains in combinations twice, making a

the water with the test subject, total of 27,648 data points
Instructions as to force direction or trials. The randomization

and type are programmed by the of the variables and the required

test director through his control schedule revisions are discussed

panel and received by the under- below,

water test subject on his cue

panel for a 2-second cue period In order to preclude the

prior to the force application occurrence of such extraneous or ,
command. The type of force to systematic biases as transfer-

be applied is denoted by appro- of-tralning and order-of-presen-

prlate illumination of either tation effects on the reliability

the "impulse" or "sustain" leg-

ends, while the direction of
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of the data, it would be desirable e. Receiver orientation and

to randomize the sequence of all receiver distance remained

the experimental condition com- constant within each block

binations. Numerous practical of 12 trials, but were

considerations, however, made com- randomly assigned across

plete randomization impractical, blocks of 12 trials.

as a relatively indeterminant num- 7

ber of changes in subject, suit f. Within each block of 12

pressurization, restraint type, trials, every combination

etc., would extend the schedule of force type and force

beyond all reasonable bounds, direction occurred. The

order of presentation was

In actuality the condition random within each block

combinations were arranged into of 12 with th_ restriction

sessions with 96 force applica- that within each four

tions or trials each, resulting trials (i.e., 1 through 4,

in a total of 288 sessions. A 5 through 8, and 9 through

working schedule of eight sessions 12), two sustained and two

a day, with each subject partici- impulse trials occurred.

pating in two sessions each day,

was planned. The following were Rest periods were system-

the constraints placed on the atically distributed throughout

randomizing, or scheduling, of the session to minimize fatigue i"
the experiment: effects.

a. Pressurization method re- The original experimental

mained constant throughout schedule was revised in a number

a day and was alternated of ways due to operational con-

each working day. straints and problems. These

primarily resulted in a change

b. The order of the four sub- in the running order of subjects

i jeers was random for the and the number of replications

first four sessions and of each trial point. The com-

repeated for the second pletely random order of test

four sessions each day. subjects was restricted such

that two subjects (i and 2) were

c. The receiver angle remained scheduled first during each day

constant within each ses- because of their availability

sion, but was random across only from 7:00 A.M. to 3:30 P.M.

sessions. The other two subjects (3 and 4) •
always ran last because of their

d. Restraints remained constant availability from 9:30 A.M. to

within each half session 6:00 P.M. In addition, the

(48 trials), but were ran- limited availability of Apollo

domly assigned across half State-of-the-Art pressure suits

sessions, required that the two 90th per-

centile subjects (I and 3)

IV.6.7
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alternate with the two 50th per- and 90th percentile in height.

centile subjects (2 and 4) to Subsequent statistical analysis,

reduce session changeover time. presented in the Results and Con-

These revisions resulted in only clusions Section, confirmed the

two possible subject running validity of the-e decisions.

orders - 1,2,3,4, or 2,1,4,3. It

was decided to use one running When the above decision to

order for 2 days, then alt_.rnate combine experimental conditions

with the other running order for was _de, it was found that 84

two days. This schedule was gen- percent of the data for the first

eral]y kept for the first four replication had been collected.

sessions of each day. In addition, approximately 14

percent of the data for the sec o

The original protocol design ond replication had been col-

called for two replications of lected. However, for the re-

each experimental condition com- maining portion of the data, a
binatlon for a total 288 sessions, revised session format would be

Due to the considerable number of required. In the new session

delays resulting from equipment format, restraint would remain

failures and personnel problems, constant for only 24 trials as

it was decided to terminate the compared to 48 new trials in the

experiment after obtaining only original sessions. Otherwise

one replication of each condi_i_ the session format remained un-

combination and evaluat_ th_ _ee- changed. Approximately 14 per-

slbility of pooling 3o_ of the cent of the data was collected

experimental conditions, speci- under this ._ew session format.
flcally pressurization method Iand subjects. Finally, _;hen the computer __

reduction of _he data was corn-

Combining the d_ca collected pleted, _t _- found that some

under the condition_ _f _ater and data was m_:_:ag due to instru-

air pressurlzatio_ __s appeared mentatlon _!_ems or excessive

to be justified on tPe basis of noise on th,_ _nalog tape. This

face validity from t1_e cast direc- missirg d,, approximately 2

tots constant visual _onitoring of percent, ,- _ollected during

the oscillographic ta_s. Addl- makeuo Fc'_ons using approxi-

tionally_ it was felt t!,at the matel', :'° same session format

subjects percentile groupi_tgs -_it, __,_ frequent changes of

could be combined. This pool_ng the _ _'._rimental variables. The

of the subject factor also de_et_on of individual trials,

appeared, from "eye-bailing" the for one reason or another, com-

data, to be justified on the basis bi_ed with the variation in the

of the subjects not representing number of replications discussed !

a 50th a_ _ 90th percentile above, resulted in a variation

grouping on the basis of force from 6 to 12 in the number of

emission c_pability although they trials for each experimental

did represent the 50th (or 65th) condition combination in the

data printout.
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INSTRUMENTATION on Channels 1 through 3 of an ' i;
Ampex Model CP-IO0 recorder, with

The instrumentation utilized the remaining channels used to

_n this experiment was designed record identifying information

to provide for both computerized for the computer and verbal com-

data reduction as well as the ments made by the tast director.

capability for real-time moni- Channels 4 and 5 contain the

toring of the data by the test trial ide_tificatio_ numbers as

director. These capabilities liste_ _a the session format

were provided by the use of mag- sheet, %_e "go" signal, which

netic tape and oscillographic was L_...._d on Channel 7, was
recordings of both the instruc- a 4-_ond or 1-second full-scale

tions to the test subject and the deflection that served to indi-

outputs of the force recei_ r care a cc.mmanaed force as sus-

transducers. In addition to rained or impulslve, respec-

recording the applied force in tively. Channel 8 identifled

the command direction, the forces the command force direction by

in the other two axes were also coding aJ one of six discrete '

recorded to provide a measure of voltage levels, ranging from

the error forces. Figure 2 is a zero to full scale. Channels 9

block diagram of the instr_nenta- and i0 recor@ed the IRIG "B"
tion used. time code and the force _ecelver

handle orientation.

The abort signal recorded on
Channe] Ii was used to indicate

to the comout_r that a particu-
lar trial should be discarded

f:.om the data processing. This

was done to prevent erroneous

-=_ data from being incorporated in

the data output and to save an-
necessary computation time. A

digitizing signal (Channel 12) •

served as a command signal for

the A-D conversion beginning 2

seconds before the "go" signal

and ending I second after the

termination of the "go" signal.

The data was later digitized

during this 7-second (for sus-

talned forces) or 4-second (for

FIG. 2 - INSTRUMENTATION BLOCK impulsive forces) time period at

DIAGRAM a rate of I00 samples pez second.
Channel 14 '_s used to record

The outputs of the force verbal comments by the test
receiver transducers were recorded director. Channels 6 and 13

were unused spares.
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Real-time viewing of the data DATA KEDUCTION

was provided by an eight-channel

oscillographic recorder. The in- The data collection and re-

; puts to this recorde_ were ob- cording system was described in

i rained from selected playback the previous section. The impor-

1 heads of the'analog tape recorder rant output of this system is

; so that the test director could the analog tape which contains

= continuously monitor the status all force data as well a_ iden-

of pertinent recorded data. This tillers of particular session

was especially important in order conditions. These tapes formed
i the input to the data reductioni to detect zero-level shifts in

I recording channels, system, as illustrated in Figure
i 3.

i A key element in the instru-
i In the analog-digital conver-

i mentatlon syste_ was the forcetransducers. These were the sion process, the following

linear motion differential trans- channels were digitized:

formers, electromechanically pro-

portional to the displacement of a. Axial force data

a movable core. The output of
the transducer had infinite reso- b. Horizontal/vertical*

lutlon over its specified range force data

as displacement of t'le movable
core on either side of a null c. Vertical/horizontal*

point produced an increasing force data

voltage directly proportional to
the distance moved, d. Trial number, units

Ca!Ibra=ion of the in_trL_men- e. Trial number, tens

ration system was performed each

day prior to the start of the f. Go signal

first experiment session. This

consisted of attaching accurate g. Force direction

weights to a holder which was
attached to the force receiver h. Force receiver orientation

handle. Weights were added in

5-pound increments to 20 pounds, i. Abort signal

and then 10-pound increments Lo

80 pounds. The calibration was Digitizing was performed by

performed for all three axes. command of the 7-second (for e

During the calibration, the exci- sustained forces) and 4-second

ration voltage of each transducer (for impulsive forces) digiti-

was adjusted so that, after am- zing pulse on Channel 12. A

plification, the output at full sampling rate of 400 samples per
scale doflection was 1.0 volts second was used; however, since

and was linear over the full the analog tapes were played at !

range, a speed 4 times greater than the

*Depends on force receiver
handle orientation.
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record speed, the effective sam- of the following sequential oper-

piing rate w_s 100 samples per ations:

a. The digitized data was

numerically converted into
forces in pounds.

_____ b. "Header cards", containing

identification data not

included on the tapes,

(day, session, subject,

receiver angle, and
• receiver distance), were

_.,t_ th= computer
I and combined with the vro-

c. Data output was in blocks
of 12 trials, with a com-

plete set of identifiers.

FIG. 3 - DATA REDUCTION BLOCK
Possible error messages were

DIAGRAH also printed out where applica-
ble, and an editing feature was

second. Low-pass filters were
available for use where necessary

applied to all channels, except to correct for errors. The iden-

Channel 10, to eliminate as much tifiers and appropriate defini-

noise as possible from the analog tions used in the program are
tapes. The filters had a cutoff presented below:
frcqJency of I00 cycles per sec-

ond, but the effective cutoff was For sustaineC forces:
at 25 cycles per second due to

the 4-to-1 ratio of playback speed a. In the correct (commanded)
to record speed. Neither the _dm- force direction:
piing rate nor the filter cutoff

frequency created any problem 1. HAX is the largest force

with respect to loss of data. during the entire

4-second period the GO
The digitized tapes then formed

light is on.
the input to the first of two com-

puter programs, known as the Daily 2. HIN is the smallest

Output Program. The objective of force encountered during
this program was to provide a the last 3 seconds of

printout of the force data re- the GO-signal unless the

corded for every trial in the force changes sign
experiment. The program consisted

4
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(i.e., goes from positive 2. MIN is the smallest

to negative or vice- force in either d_rec-

versa), in which case the lion of an axis while

minimum force is defined the GO-light is on.
as zero.

After all the data from the

3. FIN is the force at GO- experiment had been processed by

signal cutoff, this program, a composite output

tape was prepared. This tape

b. In the error axes: consisted of all the information

necessary to identify the condi-

I. l-_ is the largest force lions for all experimental trials
in either direction of an and all the data associated with

axis during the middle these trials. This tape then

3 seconds of GO-light. formed the input to the second

computer program, the Averaging

2. MIN is the smallest force Program. This program provided

in either direction of an the capability to average various

axis during the middle 3 combinations of experimental con-

seconds of GO-light. ditions. In particular, the

following conditions may be aver-

For impulsive forces: aged either separately or in any
combination:

a. In the correct (commanded)

force direction: a. Subject

I. MAX is the largest force b. Pressurization method
that occurs for the t

second that the GO-tight c. Receiver angle
is on and 1 second after-

wards; i.e., for a 2- d. Receiver distance

second period.
e. Receiver orientation

2. MIN is the smallest force

which occurs during this f. Restraint

period.

A sample of the printout from

3. FIN is the force at GO- the Averaging Program is shown

signal cutoff, in Figure 4. The asterisks (*) J

next to Subject and Pressuriza-
b. In the error axes: tion Method indicate that these

were the common factors for which

I. MAX is the largest force all data points were considered;

in either direction of an i.e., the data listed is an aver-

axis while the GO-light age of all the points which exist

is. on. for all four subjects utilizing
both the watez and air suit
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presr, urizat:on methods. T|_e num-

bers in parentheses Lo Lhe right
of the data indicate '.he number of .............,.... ,...--h,.. .._ ._

trials contained in the average --,_-"-'"-"_..-...._,.,=.._-
for the particuAar combination of ..........

force type and force direction _,_ ""-- __ -'-

and of the other specified condi- -- .-_.............
ions ....

The recalling of °'Raflgen' in this

data is be_t illustrated by exam-

ple. In the first column of data _ .....:

in the lower table on Figure 4, _i"-.'--'_..._--_
it can be seen that a Sustained-
Push for_'e occurred si,-: times .....

-i i- _'.N _._, ,I.ii • _ _ i1.11 IB.II h

under the conditions listed. For --_ .'"....,, _:_ _..:_._. _! ==" -_"I__...... _ r,"each of these trials, the Daily -......... _ ' ,.....

Output Program noted the minimum

force which o.:curred, as pre-

viously defined. The Range shows FIG. 4 - AVERAGING PROGRAM

that the minimum force fur this SAMPLE PRINTOUT

condition ranged from 20.22 to

56.09 pounds, with a mean of Program described in the previous

39.64 poundz. The interpretatioe section and are provided in a

of the remaining columns is simi- tabular listing in the final

lar. technical report provided under
Contract NAS8-18117. This

Although the composite tape listing, consisting of approxl-

contains error forces, only the merely I00 pages of tabulated

command direction fJrces are pre- information, provides all the

sented here. Furthermore, only design data collected in this

the maximum forces in the impulse study. However, the tabular

• mode are presented. A graphic listing is not the most effl-

• presentation of the mean and cient mode of data presentation
ranges of all experimental data for use by designers. The value

, is given in Appendix A. of the data collected can only

I be realized by presentation in
as efficient and utilitarian

RESULTS manner as possible. The re-

suiting graphical presentation
The primary results of this sun_narlzed the total data into "

experimental progra_ are the 12 charts with 6 graphs on a

means and ranges of the forces page. These are presented in

exerted under specific combine- Figures A-I through A-12 in

tions of the experimental condi- Appendix A.

tions. These means and ranges

were derived from the Averaging
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In addition to the primary

design data discussed above, sta- __--T _ = r r_r _'= = = _ : = :r
tistical comparisons were made r : : r : : : : : : : : : : : : :m.. _°.°.°--° m---°

_.° _..-..... _....
across parameters of the experi-

mental variables to determine the _ -_- . ---- _

existence and" direction of signi- = _ _ _ T _ : _ _ _ T_ _ = _ _

flcant relationships. The data = : : : : : : = : : : : : : = : : : :=:::::: = :::::: = :: ::
used for _he statistical compar-
isons were tne overall mean

forces determined across experi- _ ! : " _ _ : } i _ _ _ _ ! _ _........... ° .....

mental conditions and are pre- = : : : : : : : : : : : : : : : :
sented in Table 2.

Nonparametric statistical

analyses were considered appro- TABLE 2 SUMMARY DATA -

prlate for the analysis of these MEANS ACROSS ALL VARIABLES

data because of the inability to (IN POUNDS)

meet the assumptions concerning
the underlying distribution of Signed Ranks Test. This method

the population of variables was utilized to compare the

required by parametric analysis, following parameters: o"erall

Certain assumptions are also means across force types (sus-

associated with most nonparametric tain and impulse)', mean forces

statistical tests; i.e., that the across pressurization methods

observations are independent and (air and water), and mean forces

that the variables under study across receiver orientations

have some underlying continuity, (horizontal and vertical). In

but these assumptions are fewer situations where K related sam-

and more easily met than those ples of ba_ically nonparametric

for parametric tests. Moreover, measures on at least an ordinal

most nonparametric teses apply scale are taken, Siegel recom-

to data in an ordinal scale, and mends the Freedr !n Two-Way Analy-

some even apply to data in a sis of Variance. this method :

nominal scale. The primary ad- was utilized to compare the

vantage of the nonparac.etric tests following parameters: meani

is that they can be used when the forces across subjects, mean

sample size is small, forces acros_ receiver angles,
mean forces across receiver dis-

Two nonparametric statistical tances, and mean forces across
analysis methods were selected for restraints.

the data analysis. In situations

where matched pairs of measures

occur in two groups and the mea- Sustained Versus Impulsive Forces
sures are in an ordinal scale,

Siegel, 1956 recommends the use The results of the Wilcoxon

of the Wilconon Matched-Palrs Matched Pairs S_gned Ranks Test

IV,6.14
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indicate that the sustained mean Horizontal Versus Vertical Handle

forces were significantly differ- Orientation

ent from the impulsive aman forces

at the 0.01 level of significance. The results of the Wilcoxon

Sustained forces were those force Matched Pairs Signed Ranks Test

magnitudes that could be main- indicate that the sustained mean

tained over a 4-second interval, force for horizontal 3nd verti-

Impulsive forces were the peak cal handle orientations did not

magnitudes that could be exerted differ significantly.
in a l-second interval.

In general, it appears that

In general, it can be seen handle orientation has little

that Push/Pull impulsive force effect on force emission capa-
emission capability is approxi- bility in the Push/Pull and Left

mately 2_ times as great as sus- directions. Also, it appears

tained Push/Pull force capabil- that a vertical handle orienta-

ity. Secondly, impulsive force tion increases the capability to

capabilit_ in the Up/Down, exert Right direction forces.

RSght/Left directions is approxi-

mately twice as great as sus-

tained force capability in the Mean Forces Across Subjects

corresponding directions. ..

Finally, Push/P, ll impulsive The results of the Friedman

force emission capability appears Two-Way Analysis of Variance

to be about twice as great as the Test indicate that the sustained :

Up/Down, Right/Left force capa- mean force _mission capability

: bility, across subjects differed slgnl-

I _ ficantly at the 0.05 level. The
i . data indicate that the impulsive

Air Versus Water Pressurization mean force emission capability

; _ across subjects also differed

i ; The results of the Wilcoxon significantly, but at the 0.01

1 Matched Pairs Signed Ranks Test level. Subjects 1 and 3 corres-

indicate that the sustained mean ponded to the 90th percentile

forces for air and water pres- grouping and Subjects 2 and 4

surization modes did not differ corresponded to the 50th per-

significantly. The data indicate centile groupings on the basis

that the impulsive mean forces of stature.for air and water pressurization

I not signi- In general, however, the
modes also did differ

i, ficantly, force emission capability of
the s,_jects did not follow

The general conclusions re- these percentile groupings.

_arding Push/Pull and impulsive Subjects 2 and 3 generally

over sustained force advantages exerted the greatest mean forces,
presented above alqo apply here. which indicate a differr _tial

IV.6.15
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force capability within subjects degrees, and 180 degree_ respec-

for sustained and impulsive tively. The results of the

forces. Subject 3 exerted the Friedman Two-Way Analysis of

: greatest impulsive forces, but Variance Test indicate that the

Subject 2 generally exerted the sustained mean force emission

greatest sustained forces, capability across receiver dis-

tances did not differ signifi-

cantly. The data also indicate

Mean Forces Across Receiver that the impulsive mean force

! Angles emission capability across
receiver distances did not differ

i The results of the Friedman significantly.

4 Two-Way Analysis of Variance Test

indicate that the sustained mean It appears from the data that

force emission capability across as the distance between the sub-

receiver angles did not differ ject and the forc., receiver in-

significantly. The data indicate creases, the ability to exert

that the impulsive mean force Push forces decreases. Con-

: emission capability across re- versely, as the distance between

ceiver angles also did not differ the subject and the force

significantly, receiver increases, the ability
! to exert Pull forces increases.

: It appears, however, for both Additionally, there appears to

sustained and impulsive forces, be a lesser tendency for the

that the capability to exert both Up/Down and Right/Left force

sustained and impulsive Push/Pull emission capability to increase
forces increases as the location as the distance between the sub-

of the force receiver is moved ject and force receiver decreases.

away from directly in front of the

subject. However, this tendency

appears to reverse for the other Mean Forces Across Restraints

directions. That is, the Up/Down

and Right/Left sustained and im- The eight restraint conditions

pulslve force emission capability were none (no restraint); hand-

tends to decrease as the force hold; rigid waist; Gemini dutch

receiver is moved laterally from shoes; the combinations of hand-

in front of the subject, hold and waist; handhold and

shoes; waist and shoes; and hand-

hold, waist, and shoes. The

Mean Forces Across Receiver first four, excluding the no-

D_stances restraint case, were single-point
restraints. The last four were

The three receiver distances considered as multiple point
were Near (15 inches), Medium restraints. The results of the

(19 inches) and Far (24 inches) Friedman Two-Way Analysis of

and roughly corresponded to the Variance Test indicate that the

elbow angles of 90 degrees, 135 sustained mean force emission

l IV.6.16
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capability czross restraints dif- better than the single-polnt
feted significantly at the 0.001 restraints. The handhold and

level. The data indicate that shoes combination permits the

the impulsive mean force emission greatest impulsive mean force

capability _cross restraints also emissions in all six directions.

differs significantly at 0.001 Finally, the handhold and waist

level, is generally the poorest of the

multiple point restraint condl-

In addition to the statistical tions for impulsive force emis-

analysis, the data also appears sions.

to indicate the following design

implications. It appears that a

force cannot be sustained in a CONCLUSIONS
no restraint condition. Sec-

ondly, the single-polnt restraints The conclusions resulting from

have differential value for dlf- this experimental program are

ference force directions. For divided into two general groups.
sustained forces, the waist In the first are those conclu-

restraint is best for Push/Pull, sions that can be drawn from the

the Gemini Dutch shoes are best data analysis and results. The

for Up/Down, and the handhold is second group contains those con-
best for Left directions. In clusions that resulted from the

addition, all single-point operational experience of con-

restraints are about equal in ducting an underwater experl-

their inability to provide an mental program of such a large

assist for Right direction forces, magnitude as Experiment 84A.

The handhold, waist, and shoes

restraint combination resulted in Data Conclusions

the greatest Push/Pull forces with i

the waist and shoes combination The following major conclu-
very close behind. The handhold sions are summarized from tha

and shoes restraint combinations findings reported above in the

resulted in the largest mean sus- analysis and results section.
tained for the Up/Down and

Right/Left directions. Finally, a. The statistical analyses

the data would indicate that were performed on means

Right direction sustained forces derived across experi-
should be avoided whenever possi- mental conditions and

ble. should not be used to gen-
eralize to the individual

For impulsive force emissions, case. The reader should

there is very little difference go directly to the specific _

between the means for the single- condition combination pre-

: point restraints, including the sented in the graphical or
nc-restraint case. Also, all the tabular format to obtain

multiple restraint conditions are the pertinent design data.

i ,
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b. The handhold and shoes differ greatly (5 to 12

restraint combination re- pounds differential range)
suited in the greatest across the multipl_-

Up/Down and Left/Right sus- restraint conditions (hand-
tained and impulsive £orce hold and waist; handhold

generatln_ capability, and shoes; waist and shoes;
and handhold, waist, and

c. The handhold, waist, and shoes).
shoes restraint combination

and the waist and shoes i. The space suit pressuriza-
restraint combination re- tionmode did not differ-

sulted in the greatest entially affect the ability
Push/Pull sustained forces, of subjects to exert forces.

d. The waist restraint was the

only slngle-point restraint Operational Conclusions
in which a significant

sustained (above I0 pounds) The following operational con-
mean Push/Pull force could clus%ons were drawn from the con-

be exerted, siderable number of experiences

apd observations noted during
e. The handhold restraint pro- the conduct of this experimental

vided the capability for program:
sustaining significant

(above 10 pounds) mean a. Planning of extensive
i forces in only the Left/ underwater pressure-suitedJ

Right directions, operations should include

' a i00 percent contingency
' f The shoes restraint pro- time factor.

vlded the capability for

sustaining significant b. Extreme care should be
(above I0 pounds) mean exercised to insure the

forces in only the Up/Down cleanliness of the neutral

directions, buoyancy facility, espec-

q ially to minimize the fre-
g. The mean capability to exert quency of ear infections.

impulsive forces in a no-

restraint condition did not c. Neutrally buoying space-
differ greatly (4 to 14 suited subjects for an
pounds differential range) upright, nontransIational

from the capability pro- operation is a relatively
vided by the single-point simple and easy task•
restraints (handhold, waist,

and shoes restraints), d. The water pressurization

mode was more efficient, i
h. The mean capability to exert from a subject preparation t

impulsive forces did not and experimental session i

i
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changeover time-savlng
standpoint, than the air

pressurization mode.

e. Future water pressurized
suit operations should
include a face mask that

can accommodate a communi-

cation system.

f. The possible hazard re-
suiting from the physical

reaction of a pressure-
suited subject exerting
forces under minimal
restraint conditions should

be carefully considered
when selecting restraints

for space operations.

!"

i
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APPENDIX A

EXPERIME_£ 84A - FOkCE EMISSZON

GRAPHICAL DATA PRESENTATION

In this Appendix are pzesented the summarized data on astronaut force emis-

sion capabilities under slmulated zero-gravlty conditions. The data are provided

on twelve pages with 6 graphs on each page. These are presented in Figures A-I

through A-12. Descriptive d_ta is provided on each page to permit the reader to

select the appropriate experimental conditions to answer specific force capa-

billty design questions. Table A-I is a Summary Data Chart Index that specifies

the experlmental condition combinations included on each page,

Table A-1. Summary Data Chart Index

Force Receiver Receiver

Type Angle Orientation
Figure Title (F/T) (R/A) (R/O)

(degree_t

A-1 Summary Data Chart No. 1 Sustalnvd 0 Horizontal

A_-2 Sununary Data Chart No. 2 Sustained 0 Vertical

A a Summary Data Chart No. 3 Sustained -15 Horizol_tal

A--4 Summary Data Chart No. 4 Sustained .-15 Vertical I

A_5 Summ_*T Data Chart No. 5 Sustained 45 Horizontal ! Iv

A--6 Sunnnary Data Chart No. 6 Sustained 45 Vertical I

A-7 Suir_mary D_'a Chart No. 7 Impulse 0 Horizontal

A-8 Summary Data Chart No. 8 Impulse 0 Vertical _

A--9 Summary Data Chart No. 9 Impulse -15 Horizontal

A--10 Summary Data Chart No. I0 Impulse -15 Vertical

A--11 Summary Data Chart No. 11 Impulse 45 Horizontal "_ :

A--12 Summary Data Chart No. 12 Impulse 45 Vertica!

A-1

e

2 •

..... 1 w-ii

mlumla _ i _ m n _ _ | mwuwmnJuun .. m -
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MANEUVERING-UNIT TECHNOLOGY
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STUDIES OF PILOTING PROBLEMS OF ONE-MAN FLYING UNITS
OPERATED IN SIMULATED LUNAR GRAVITY

Donald E. Hewes

NASA Langley Research Center
Langley Station,Hampton, ira.

SUMMARY: Current interests in small flying units to extend the
range capaJDilities of lunar explorers coupled with a serious lack
of information on the flight behavior of such vehicles have stimu-
lated a series of studies of the handling qualities and oRen pilot-
ing problems of this type of vehicle by the Langley Research
Center of the National Aeronautics and Space Administration.
This paper briefly reviews earlier experimental studies of small
earth-based vehicles and illustrates several configurations that
have evolved in recent preliminary design studies of possible
small lunar flying devices. These configurations include back-
mounted, stand-up, and sit-down arrangements that are being,
or soon will be, evaluated in the Langley studies made possible
by the recent development of lunar gravity simulation techniques
that permit the use of fuR-scale man-operated flying test-bed
vehicles. The general nature of these fundamental studies as
well as a few of the preliminary findings are described in this
paper.

INTRODUCTION series of pertinent flight investi-
gations some of which have been

Much attention in the field of made possible as a result of the
advanced planning for future lunar successful operation of the lunar
missions has been focused on landing research facility (LLRF,
small manned flying devices as a ref. I, fig. I) and new techniques
means forextendingtherange being appliedtoitatthe Langley

, capabilities of the lunar surface Research Center of the National
"_ explorers. Althoughseveralsuch Aeronauticsand Space Adminis-

devices have been studied over the tration. In these studies, pilot
past several years with various evaluation of the flight behavior
degrees of effort, there has been of full-scale test devices are

' littleinformationobtainedcon- being obtainedunder conditions "
cerningthehandlingqualitiesand of "real-live"operationsin
other criticalpilotingcharacter- simulatedlunargravityduring

i istics of such devices, due pri- take-off, landing, and near
marily to the lack of practical hovering flight maneuvers, using

l_ methods and facilities with which research pilots experienced in
I to undertake meaningful investi- lunar gravity simulations. The

i gations of experimental opera- information gained from these
i tionalhardware, flightinvestigationsshouldbe
I directlyapplicableto the design "
i The purpose of this paper is to and development of specific lunar

discuss briefly a recently initiated flying units, and should help

i V.1.1
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approach maximum assurance of handling evaluation was per-
astronaut safety in the perform- formed; however, the maneuver-
anee of the flying activities, ing capabilities of the vehicle and

system were very limited.

RECENT DEIGN EFFORTS AND The design studies listed in
PRIOR FLIGHT EXPERIENCE tables I and H, and depicted in the

! accompanying figures, illustrate
A brief summary chart is pre- the many possible approaches

i sented in table I, in order to show which can be taken to integrate a
the relation of the current Langley pressure-suited man with any of

: studies to recent design studies of several different propulsion,
small lunar flying devices as well control, and landing systems.
as to prior efforts with experi- The overall objective of the
mental flying vehicles akin to current Langley studies is to
these lunar designs. These vari- explore these various approaches
ous devices are categorized with using test-bed equipment which
respect to the stance of the pilot, are representative of the various
general location of the main design concepts and whose sys-
thrusters and the mode of attitude terns can be readily modified in

: control. A list of some of the an attempt to identify character-
physical characteristics of the istic handling qualities of each

' lunar designs is given in table H, type. Of course, subsequent
and is accompanied by sketches efforts can be directed toward
and photographs in figures 2 refining our knowledge of those
through 7 to illustrate the various ._Tstem approaches which appear
configurations, most promising. Those Langley

studies related to the differing
The geneses of most of the design approaches are listed in

actual flight experiments are in the final column of table I and
the pioneeriug works of Wendell are described in the following
Moore of Bell Aerosystems who discussion.
developed the flying belt concept
(ref. 2), and Charles Zimmerman
of the Langley Research Center PROJECT ICARUS
who conceived the balance reflex
or kinesthetically controlled flying The current Langley study 9f
platform (ref. 7). Although most the backpack propulsion unit,
of these flight experiments were which probably represents the
more or less successful, the minimum- sized flying system,

. information gained was only that can be used for lunar loco-
exploratory in nature and, of motion was initiateq with the in-
course, applied only to flight house design and construction of
behavior in earth gravity. One the experimental hardware
exception, however, is the project (depicted in fig. 8) about 2 years
involving piloted flight in simu- ago. This project, nicknamed
lated lunar gravity carried out at 'rlCARUS" (after the mythical
Langley Research Center in about minimum flying system that
1962 using a simple sit-down con- suffered system deficiencies due
flgurahon with manually operated to the lack of updated technical
air j._:s for pitch and roll control, information) was based in part
and foot-operated air jets for yaw on the earlier design studies
control (ref. 12). Some pilot carried out by Bell Aerosystems

V.l.2
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for the Langley Research Center LWS is shown in figure 9. The
and discussed in reference 3, as subject and propulsion unit are
well as on their experience with ._upported by separate cables
the flying belt system which had attached to two lightweight
been developed with funds from trolleys free to roll along an
the Army. overhead track that is parallel to

the 200-foot-long walkway on
Exploratory studies of man "_ which the test subject is stand-

self-locomotive capabilities in ing. The walkway is displaced
lunar gravity using the Lunar from directly beneath the over-
Walking Simulator at Langley, head track so that the cables are
revealed that loads up to 500 earth at approximately 9.5 ° from the
pounds could be carried on the vertical. In this manner the
back with relative ease (ref. 14); component of the weight of the
consequent!y, a target weight subject and his flying unit equal
somewhat below this value was to their equivalent lunar weight
selected. The completed unit, is acting in the plane of motion
which incl"_'_s a built-in life- so as to simulate lunar gravity.
support s) _r, _ for the pressure- The subject with his flying unit
suited subject, weights about is free to rotate in pitch but is
300 pounds with 110 pounds of restrained in roll and yaw and,
hydrogen peroxide for a maximum also, he is free to travel 209 feet
flight time of about 3 minutes, in his fore-and-aft direction and
Existing off-the-shelf hardware 30 feet in his up-and-down direc-
was used inasmuch as this experi- tion. For the initial flight
mental unit was not intended as a attempts, tether cables are
finalized space-qualified system, attached to the flying unit and
The unit consists of two main are handled by ground crewmen

: hydrogen peroxide fuel tanks and who keep the cables slack except
; two nitrogen pressurizing tanks in the case of an emergency.
I which feed two independently con-
: trolled thrusters, each mounted on The specific objectives of f

'_i the end of an arm pivoted near the phase I are: (1) to evaluate the
pilot's shoulder. The thrust level feasibility of the new flight tech-

:, and direction of each thruster are nique involving the inclined-
controlled by motions of the arm plane lupar gravity simulator,
and hand adjacent to each thruster. (2) to determine if the pilot can
The manually operated controls use his legs effectively to
are readily adjustable through a replace a structural landing gear
range of linkage settings gi¢ing that would otherwise be
the pilot a selection of control required, and (3) to evatvate .
sensitivities, pilot bandling qualities in this

flying mode of P_mited degrees
This project is divided into two of freedom for both "shirt-

phases, the first of which involves sleeve" and pressure-suited
; flight attempts with three- coLditions. Several test ses- •

degrees-of-freedom motion in the sions have been completed and
pitch plane only, as provided by the initial results indicate that
the previously mentioned Lunar the technique is feasibile and
Walking Simulator(LWS). A thatthepilotcan uae his legs,
photograph showingthe installa- atleastinthe "shirt-sleeve"
tion of the test unit on the back of conditions, quite effectively to
the test subject suspended in the absorb the landing impacts.

V. 1.3
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The second phase of the ICARUS vehicle by the constant-tension
project will involve testing the unit unit. Cable angle sensors
with six degrees of freedom using attached at the top of the cables
a vertical suspension technique cause the bridge crane to stay
similar to that which had been directly over the rocket-powered
developed for the next project to vehicle so that the cables remain
be described. The objectives of vertical at all times.
the second phase effort are: (1) to
explore in depth the handling quail- The basic vehicle was flown

i ties of the back-mounted unit, and first in earth gravity at Bel!
(2) to determine the significance facilities and then in simulated
of the differences between the two lunar gravity at Langley by two
testing techniques, experienced pilot subjects. The

conclusion was drawn that lunar
' flight with such a vehicle was
i PROJECT POGO feasible although a number of

shortcomings with the particular
; Project POGO, which has been design and hardware were noted.
•_ already completed, is an explora- Furthermore, it was found that

tory study undertaken jointly by lunar gravity provided a gener-
the Marshall Space Flight Center ally favorable effect by slowing
and the Langley Research Center, down all of the vehicle's
using the experimental POGO fly- responses to pilot control inputs
ing device provided by Bell Aero- so as to give him more "think
systems and space suits provided time" while performing low alti-
by the Manned Spacecraft Center. tude, near hovering maneuvers.
A photograph of the experimental Although use of pressurized
unit flown in simulated lunar "soft" and "hard" type space
gravity using the lunar ianding suits produced some unfavorable
research facility is shown in effects, no major problems were
figure 10, and a complete descrip- experienced as long as the suits
tion of this project is covered in were fitted properly to the pilot
reference 4. This stand-up unit and the vehicle was fitted prop-
represents a somewhat larger erly to the suits. Because of
size vehicle than the ICARUS unit the exploratory nature of this
and incorporates an elementary project no instrumentation was
type landing gear. All controls provided, and no detailed studies
are manually operated. The fly- of the handling qualities were
ing unit is mounted in a gimbaled- undertaken. 0
whiffletree system attached to an
overhead constant-tension unit
suspended on cables from the PROJECT OMPRA
servo-controlled traveling bridge
crane of the LLRF. The gimbaled This project, utilizing the
support system permits the hardware shown in figure 11, is
vehicle to rotate with the three directed toward the study of a
degrees of angular freedom, and waist-mounted propulsion sys-
the constant tension unit allows tern and was developed pri-
the vehicle to travel vertically marily for zero gravity space
over a distance of about 10 feet applications. Downward firing
above the ground. A force equal thrusters have been provided,
to about five-sixths of the total however, so that the system can
system weight is applied to the be adapted to the lunar gravity

!

!
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application. The system utilizes to the bridge system which nor-
clusters of cold gas thrusters mally operates with a 12 000-
operated in either on-off or pro- pound vehicle.
portional fashion through hand-
operated electronic control sys- Special attention to the pro-
terns with optional use of different blem of lunar-gravity simulation
types of stabilization systems, is required for the case of the
The pilot and propulsion unit are kinesthetic control configuration
gimbal-sdpported from a cable because for this control concept
system which is attached to the the body weight is shifted to pro-
Rendezvous and Docking System duce the desired control
(RDS, ref. 15) through a constant- moments for the pitch and roll
tension unit which either fully or axes. The weight of the pilot
partially supports the suspended must, therefore, be reduced to
weights. The RDS uses cable his equivalent lunar weight in
angle sensors in the same manner order that the resulting control
as the LLRF so as to track the moments produced by shifting
flying unit and keep the cable ver- his body relative to the thrust
tical. The status of this project vector will be of the proper mag-
is that the hardware, built under nitude. Consequently, five-
contract by Bell Aerosystems, is sixths of the pilgtTs weight must
currently being installed and be suspended independent of the
checked out for system vehicle. Various schemes for
performance, achieving this unusual require-

ment are currently being evalu-
ated so as to find an arrange-

PROJECT FLEEP ment that will have a minimum
interference with the pilot and

! This fourth project involving a the flying unit. Flight testing of
vehicle intended to be representa- this unit is expected to be under-
tire of larger flying units is cur- way in about 1 year. The objec-
rently in its preliminary design tires of t::is project are, of
and fabrication stages at Langley. course, essentially the same as
A conceptual sketch of this flying those of the previous projects.
test bed is illustrated in figure 12,
showing the stand-up version used

i to study the balance reflex LUNAR LANDING RESEARCH
(kinesthetic} as well as other con- VEHICLES

i trol system concepts. It is antici-
pated that the unit will be con- Although not mentioned pre-
vertible tea sit-down version for viously in this presentation, the
evaluation of the other possible recent and continuing studies of

! configurations. The unit will be the Apollo lunar landing mission
tested using the LLRF to achieve using full-sized lunar landingt

six degrees of freedom within a research vehicles operating int

! flight envelope of about 360 feet simulated lunar gravity provide
i long, 42 feet wide, and 150 feet some very useful information
! high. A special servo-controlled relative to their "little brother"
i vertical cable system to support counterparts, inasmuch as these
{ • five-sixths of this approximately larger vehicles are involved in
: 1300-pound unit will be attached lunar "flying" while they are

; being landed. One of thet

_" research vehicles is the LLRV

V.l.5
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(fig.12)which had been flown CONCLUDING REMARKS
originallyas a research vehicleat
the FlightResearch Center Emphasis has been placedon
(ref.16)and was more recently studiesofhandlingqualitiesand
flownas a trainingvehicleatMSC otherpilotingproblems as
untilbeing completelydemolished appliedtogeneraltypesoflunar
inthe recentcrash. A second flyingunits. However, the tech-
typevehicleistb.eone continuing niquesand experiencedeveloped

i tobe used _t Langleywiththe incarryingouttheseparticular
LLRF (ref.I,fig.14). The LLRV studiesshouldalsobe directly
weighed about4000 pounds and was applicabletothetrainingpro-
_quippedwitha pilot'scompart- gram forthe astronautsinvolved
ment ina sit-downconfiguration, intheactuallunarflyingactivi-
whereas tileLLRF vehicleweighs tieswiththenewly developed
about 12 000 pounds and is devices.
equipped with two interchangeable
cabs; one a sit-dow_ ve _ion
(somewhat similar to the LLRV), REFERENCES
and the other a stmld-up version
duplicating the flight commander's 1. O'Bryan, Thomas C.;

: portion of the Apollo lunar and Hewes, Donald E.: Opera-
module's manned compartment, tional Features of the Langley

: Both research vehiclesincorpo- Lunar LandingResearch
rated sophisticatedcontrolsys- F._cility.NASA TN D-3828,
ternswhich had differentmodes of _'ebruary1967.
operation.

_. Anon.: Small Rocket
This typeofvebicle,ofcourse, LiftDevice,Phase II. Bell

willprovideour firstexperience Aerosystems TCREC Techhical
inactuallunarflyingduringthe Report 61-123,November 1961.
Apollomission and,consequently,
willprovidetheinitialopportunity 3. Economou, Nick,et al.:
for correlationofsimulatedlunar A StudyofPersonnel Propulsion
gravityflightexperiencewzththat Devices for Use intheVicinity
ofactuallunarflight.Itshouldbe ofthe Moon. BellAerosystems
notedthatthebuildupfor the Company. NASA CR-365,
Apollomission involvescross Vol.I,January 1966.
trainingofthe astronautsand MSC
pilotsinLLRV-type vehiclesand 4. Levin,K. L.;and
the LLRF vehicle which should Satterlee, C.E.: Flight Test of e
provide pertinent information in a One-Man Flying Vehicle -
this correlation. A further con- Vol. I - Final Report - Flight
sideration is the fact that the Test Program. Prepared by
Langley and MSC pilots and astro- Textron's Bell Aerosystems
nauts who have gained experience Company for NASA Marshall
in simulated lunar flying with Space Flight Center under
these vehicles will be able to Contract NAS 8-21042, NASA
apply this experience to the CR-90012, July 1967.
evaluation of the smaller vehicles
which are of more direct interest
in this particular paper.
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5. Nel on, R.G.: Flight Test 11. Sanford, John W.: Design
of a One-MaJ_ Flying Vehicle - Study of a One-Man Lunar Trans-
Vol. H - Final Report - Mission portation Device. Journal of
Applications Studies. Prepared by Spacecraft, Vol. 3, No. 1,
Textron's Bell Aerosystems January 1966.
Company for NASA Marshall
Space Flight Center under Con- 12. Boisseau, Peter C.;
tract NAS 8-21042, NASA Schade, Robert O.; Champine,
CR-90006, July 1967. Robert A.; and Elkins, Henry C.:

Preliminary Investigation of the
6. An Engineering Study and Handling Qualities of a Vehicle in

Preliminary Design of a One-Man a Simulated Lunar Gravitational
Propulsion Device for Lunar and Field. NASA TN D-2636,
Free-Space Environments - Final February 1965.
Report. Prepared for NASA
Manned Spacecraft Center by 13. Anon.: Study of Manned
Hamilton Standard, Division of Flying Systems - Final Report.
United Aircraft Corporation. Prepared by Bell Aerosystems
PDB 6414, May 21, 1964. Company for NASA Marshall

Space Flight Center under Con-
7. Zimmerman, C. H.; Hill, tract NAS 8-20226, June 1966.

Paul R.: and Kennedy, T. L.:
Preliminary Experimental Investi- 14. Spady, Amos A., Jr.;
gation of the Flight of a Person and Harris, Randall L.: Effects
Supported by a Jet Thrust Device of Pressure Suits and Backpack
Attached to His Feet. NACA Loads on Man's Self-Locomotion
RM L52D10, 1953. in Earth and Simulated Lunar

Gravity. NASA TN D-4464,
i 8. Parlett, Lysle P.: Hover- April 1968.

ing Flight Investigation of Two
Methods of Controlling a Man- 15. Hatch, Howard G., Jr.:

i Carrying Ducted-Fan Vehicle of Rendezvous and Docking
i the Flying-Platform Type. NASA Simulator. "A Compilation of
t TN D-841 June 1961. Recent Research Related to the
i ' Apollo Mission." NASA

9. Gill, Wilbur J.: Airborne TM X-890, October 1963,
t Personnel Platform. Hiller Air- pp. 187-192.
i craft Corporation Summary

Report No. ARD-236, Contract No. 16. Bellman, Donald R.; and
]. Nonr 1357(00), June 9, 1959. Matranga, Gene J.: Design and •
i Operational Characteristics of
!

10. Townsend, M. W., Jr • a Lunar Landing Research
, ' Stability and Control of Unducted Vehicle. NASA TN D-3026,
! Stand-On Helicopters: Prelimi- September 1965.
! nary Theoretical and Flight Test
! Results. Prepared by Princeton
. _ University under Contract

DA-44-177-TC-393. Report No.
404, November 1957.
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TABLE Z.-SUMMARY OF ON_ MN_IFLYING UNITS NeD C_SI_I STUDIES OF LUNAR FLYING UNITS

Painlof Thrust Current Lunar

i _I_ Sm_ce Al_katk_ Attitude Co_l SourCe Prior Ry_I (xl_rl_e Oe41gnStudlee Fl_ht Studlm

" Bill ,A,mo. F')/i_ Belt _ 2.

t S_ Oonk I_ rotation
LRC-BeH Ratermoe 3

of thrust

LRC _ ICARUS
i

cheat l,tmual rolatlun LRC-Id_FC- hll Free flgM. POGO RelkNnoo 4 POGO
of thruM. Reference 5

ii

! I'k_ton Slond_ Reference6

! Waiet .e_dk/y Ihru_r$ LRC- Bell OMPRA

! LRC Flying plotforrm Rdn_788 FLEEP

Hiller A_rborneperamnelplatform
Pedolrofotion Refw_ 9.

of thrust. OMw:kel4r Alfocycle. Refomnce I0

North Amficon Oill TD tirol Ixid.,elefmmol IL OML.TDRefafamceII.
Rockwell

LRC-Bell Reference 3
: Ausillery thnJle_.
i L RC FLEEP

Manual mta_on
Beck Bell Fi_ I Chair

of thrust. ml i

Sit L RC 'e"Simubl_ Lunm'flying; Vehicle. Reference 12.

! Floor Aumilary thn_tm'e. LRC-B411 Reference 3

MSFC-Bell Refemce 13

e Simulated lunar
i

TABLEll- SIPJiLCHARACTER_STI_OFONEMANFLYINGUMTSDEVELOPEDINVARIOUSCIES_NErUDIES

• r.mlll_m't_m W_MmmmledSImll-onpldlm'm(OMLTO) _ P_o Bock-po¢k _o.mmmt_10meOnem_mdmMm_T,_mm_l,_lm__ _ Serr_km_lLunor
OMLS LlV-4OOOfl_ AV-ZOOOf;e_V-OOOOfl_ AVoGOOOf_ V_iCle F_ng Vehicle

HC_SI_I. NorthlvnorlconHock,moll i Awo. OMIA4m, nd AMO. BollAerG "BillAsro BillA_o LRCSmrce M_FC LRG L_C LRC MSFC MSFC

DlflVmtoi Mmudtb'_l Mmudthrust Audlory J_lllCry Deff_nhol Ausillory
OfISlChandrolloldr01 _ lltrult Balc II mlhlm glmbol gmlbol. _ _ _ I_UMOhl. manthrust I_rulters

J
I

Prim_t, Ib 260 _._0 ] 260 294 200 245 245 245 293 185

F.mpt/mllg_ Ib 114 b3 l 85 146 201 208 300 310 448 175

_ FuelN_t, I_ 59 I_0 150 273 230 170 7?0 740 6:55 --

I_yl_d, Ib 0 0 260 I OO 30 :)45 30 :)4 5 300

O_l _11ht,lb 433 49:5 753 813 636 868 1344 1540 167 7 360

_._ ; Tnnad-lo-tun_meqlhtratio I I 7,3 48 I.iOI 3.0 3.0 30 3,0 t 8 106

; Rtchin4qflatdtlgft I _ 35 74 175 * 3 195 17

i Lald_ 9eort IkNettft. Feet 5 _ U Feet 7.0 IL5 7.0 "_';5 2,5

I Plotfm'mheight,,. None I.S 1.5 I.O None _Z 1.0 3.5 3.5 I.O

9_gn ronlletndlee 0.8 |4 _ S,7 ' _ ' 15 " _ '

I_lvfll It_lRber 2 3 4 S 6 7

ReflreltOe_ II II 5 3 13 12
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AUXILIARY TANKS INSTRUMENT OPERATOR
EXTENDED RANGE PANEL STATION

MISSIONS) \

1 / IF_ BUMPER \ _ i

l _ ITW'I \

I _",_, / RSSCUE\OxID,,,,_ ,_ / ,,ATIO,' AU,,ILIA,,,PAYLOAD
TAN_ ..J, _ /FUSL -_- /R,SCUE

I EXPULSION i
BLADDER EXHAUST AUXILIARY

• --I MOTOR A PROP. |TYPI DEFLECTOR YAW

CONTROL HOUSING CONTROL

I MOIOR Jll
i

Se_O,DCONF_OURA_ION

Figure 2.- Sketch of the Hamilton i.
standard one-man location system Figure 3.- Drawing of North American I
developed for Manned Spacecraft Rock,eli's one-man lunar transpor-
Center (ref. 6). tation device (ref. ll).
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Figure 6.- Drawing of the Bell Aerosystems lunar flying vehicle
"sit-dom'_" configuration developed for Marshal/ Space Flight
Center (ref. 13).
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Flgure 7.- Photograph cf one-man test vehlcle used in evaluating servo-
controlled suspension slstem for lunar gravity simulation (ref. 12).
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Figure 8.- P_otograph of the Langley lunar flying backpack mounted on
the research pilot wearing a pressurized space suit. During test

i flights a personnel life support system will be housed within the

backpack assembly.
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i ,
FiNe i0.- Photograph of the Bell Aerosystems "POGO" lunar flying

research vehicle as tested at the Langley lunar landing research

facility. The operator is wearing a press_rized space suit and
! life support backpack. Vehicle is partially supported by the
' whiffletree attached to the overhead constant tension unit

(ref. _).
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Figure 13.- Photograph of the lunar landing research vehicle (LLHV)
flying at Flight Research Center.
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Figure 14.- Photograph of the Langley lunar landing research fae_lity
_ showing the research vehicle with a "stand-up" pilot's compartment
_. in the flying attitude. The pilot's compartment simulates many of
_. the features of the Apollo lunar module.
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APPLICATION OF CONTROL MOMENT GTROS
TO ASTRONAUT FL%NEUVERING UNITS

H. E. Freeman

LTV Aerospace Corporation

Missiles and Space Division
Dallas, Texas

George DeSonne

The Bendix Corporation
Navigation and Control Division

Teterboro, New Jersey

SUMMARY: The basic requirements for stabilization and control
of an astronaut maneuvering unit (AMU) for free-space op_ration
are defined. Use of reaction Jet control in present AHU sys-
tems is de.-cribed. The application of control moment gyros
(CMGs) to AMU attitude control and stabilization is discussed

in detail. A flnal system concept Ij selected and Justiflca--

tio for the selection is presented.

INTRODUCTION extravehicular propulsion are

heavily dependent on the "assumed"
Stabilization and propulsion mission.

devices, to increase the util, ty

of an extravehicular astronaut, NASA/MSC, working wlthshort-
have been under study since 1959. tethered EVA missions in the

Many concepts have been defined, vicinity of a spacecraft, has

i and a few have been carried into developed a hand-held propulsion
experimental hardware for flight unit employing completely open-

test in the AF KC-135. Two st_h loop: manually stabilized, con-

devices have been carried into trol. The Air Force propulslon

i orbit on the Gemini spacecraft; laboratory assumed an orbital
the operational devices were the assembly and repair mission

; NASA Hand-Held Maneuvering Unit requiring untethered flights of

(HHMU) and the AF/MSD Gemini approximately one mile with up to

i Astronaut Maneuvering Unit (AMU). four hours of independent oper- "

i Only the HHMU was flown in space, atlon. _hls mission resulted in
i and the flights performed were the design of a stability aug-

limited in scope. The reluire- mented backpack unit typified by
l

ments for an extravehicular pro- the Gemini AMU. NASA/MSFC assumed '

I pulsion device therefore, are not missions requiring extended work

i firmly established by flight test. periods nd the handling of large
I Also, no firm requirements for objects, which resulted in the

4 "misslon-dependent" extravehicular definition of maneuvering work

: _ activity (EVA) have been estab- platfnrms and taxis employing
. llshed at t_is time. In the manlp_ _ators.

i absence of a firm mission require-

ment, the design criteria for The Missiles and Space Division

i
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i of LTV Aerospace (MSD) developed astronaut to maneuver within a

the Gemini AMU and several experl- few feet of his parent spacecraft.
mental vehicles, all employing

stability augmented propulsion If EVA transfers to a distant

systems. In each case, several targat are required_ it becomes

stability augmentation techniques desirable to correct velocity
were studied and traded off errors normal to the llne of

against mission requirements, sight without twisting the body

system weight, system performmtce, and losing sigh. of the target.
and the state of the art of the This capability can be achieved

I candidate systems. A monopro- by adding translatlonal Jets in
pellant propulsion system pro- the other two axes. During long
riding _tabillzation, attitude transfers, where the target
and translation control, and appears as a point, it becomes

attitude rate llmiting, and which difflcuit to differentiate between

was referenced to strapped down llne-of-slght de_latlons caused

; rate gyros, proved to be lighte.-t by drift off the llne-of-slght
: and most easily implemented in and those caused by an attitude

each case. However, the state change of the astronaut. Such

of the art is changing constantly deviations can be positively
and the same tradeoffs, if made identified as drift off the line-

today, might provide a different of-slght if the astronaut is

: answer. This is particularly true inertially stabilized.
in the case of control moment

gyros (CMGs). Their energy con- The Air Force AMU, prototTped
sumption is closely related to for Gemini flight testing, was
the state of the art and is designed for orbital assembly and

' almost independent of the momentum maintenance tasks requiring long
transfer they are required to transfers. Therefore, it was

provide in a "cyclic" system, designed with multiple-flxed
thrusters and stability augmenta-

In 1967, MSD Joined with the tlon to permit pure (uncoupled)
Navigation and Control Division translation and attitude control,

i of The Bendix Corporation to study and stabilized coast. A nodi
the application of CMGs to a select switch was made available

"backpack" type AMU. This paper to the astronaut to permit evalu-

reports the result of that study, at_Ionof unstabilized flight.
Although the Gemlni/AMU was not

flown in orbit, it was accurately
AMU CONTROL REQUIREMENTS simulated and flown 5y both

engineering and flight crew
: An extravehicular astronaut, personnel in a simulated rend-.z-

! operating away from the surface vous and docking maneuver. These

of hio spacecraft, must have a simulations provided a means to
means of propulsion and a means evaluate AMU control require-

of orienting the propulsion ments. Control parameters
thrust vector. In a practical evaluated by englveers and pilots,

sense, this means he must be able and later v&lidated by the Gemini

to control pitch, roll and yaw, flight crew included: trans-

and be able to generate a force lational acceleration; angular
for translational acceleration acceleration; translational

and deceleration in at least one rates; angular rates, and
axis. These "minimal" control stabilization deadbands. The

provisions should permit an EVA

V.2.2

1971066602-333



t

evaluated flight techniques became too high, they applied
included: open-loop accelera- retrograde thrust.

tion command control; attitude
stabilization with angular rate Various AMU m/ssi0ns and some

command and translation accelera- of the simulation data were analyzed
tion command control rendezvons to determine the amount of fuel

with a simulated Gemini by estab- consumed in generating and nulling
translational velocities, and inlishlng a closing rate and cor-

recting to stay on the llne-of- generating and hulling rotational

sight; and rendezvous by a modified rates. For the Gemini AMU, fuel

blrd-dog technique, consumption was about equally
divided on the average. It is

A translati'onal thrust of abo,t important to note that fuel con-

five pound_, producing approximately sumptlon is a function of rates,
0.4 ft/sec_ acceleration, was rather than distances or total
selected. This thrust level, angles traversed. Therefore, both

the total fuel used for a mission
coupled with constraints on th:uster
location associated with the and the distribution between

geometry of the man, pro@uced translation and rotation can be

angular accelerations on the order cha_ged by varying the rate.
of i0 deg/sec 2 in roll, 13 dog/set 2

in pitch, and 23 deg/se_ in yaw. Open-loop rendezvous were
These values were controllable and s,ccessfully accomplished; how-

appeared satisfactory. Angular ever, more time, effort, and fuel
rates, on the order of 15 to 18 were required to accomplished these

deg/sec, were selected as optimum rendezvous.
for the AMU. Note that these rates

are substantially higher than
Mercury and Gemini rates. Trans- CURRENT REACTION JET SYSTEMS

latlonal rates, originally estl-

mated at 5 to i0 ft/sec, seldom Most of the AMU devices designed
exceeded 4 ft/sec on 100-foot to date employ reaction Jets for

transfers and were most frequently stabillzaclon, attitude control
, 1 to 2 ft/sec. The stabilization and translation. This choice is

deadband was set to what was con- based primarily on the fact that

sidered a low practical limit of a reaction Jet system is an

: approximately +--2degrees, by pilot absolute necessity to produce
preference. The original transfe_ translation and to counteract any

technique set up for long trans- noncyclic torques imposed on the

lations (i.e., coasting down the system. Momentum exchange systems ---

i line-of-sight making corrections that can produce cyclic torques ,
: normal to the llne-of-slght) was must therefore be supplemented

! largely abandoned by the flight with a reaction Jet system and
crew in favor of a modified bird- results in a greater total system

i dog technique for the 200-foot weight and complexity. Also= all
I transfer. They started from a of the systems to date have used

I station-keeping (no closing a single set of thrusters for both
translation and attitude control.

! velocity) situation and applied
| small amounts of thrust which

directed them toward Gemini. As In the Gemini AMU, which is a

i they d_ifted off, they oriented t-eical reaction Jet system,

', .l themselves toward Gemini and again multlple-fixed hydrogen peroxide

' i applied thrust. If closing speeds thrust chambers are arranged

i symmetrically around the EVA

V.2.3
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system center-of-gravlty. When ing the angular momentum in
flown "open loop," the commanded inertia whee._s or by rotating the

thrusters come on at rated thrust angular momentum vector of gyro-

producing a pure trsnslation or scopes. Rotating the momentum
attitude acceleration at a con- vector, the control moment gyro
stant value. When flown in concept, is most adaptable to an

"automatic," translation is AMU application and is the only

unchanged but attitude commands momentum exchange system that will

! are cut off by control electronics be discussed in this paper.
at a preselected rate which is

derived from a rate gyro signal. In the previous section, it was
When the control is returned to noted that a gyroscopic momentum
neutral, the control electronics transfer system is completely

sense an error signal and fire additive to the required mass

! appropriate Jets to stop the expulsion system. It must, there-

i rotation. This same control fore, ha_-e significant advantages
operation provides attitude hold to warr-nt its consideration as

i about all three axes. In the part of an AMU system. CMGs have
; Gemini AMU, the control elec- four significant advantages which

: tronlcs were pulse-ratio mod- might motivate adding them to an

,_latedto provide both pulse AMU system, depending on theI
rate and pulse duration pro- specified mission.

: portional to the error signal,
_ thereby producing a proportional

effect with simple off-on thrusters. Fuel Economy - Cyclic Maneuvers
Manual control was configured to
bias the control electronics by The "fuel" consumed by a CMG

the full command rate. This system is electrical energy, Total
system could be changed to energy required, after initial

"proportlonal-rate" control by "run-up," is a function of windage,

adding proportional hand con- bearing friction, gyro motor
trollers. An integrating circuit efficiency, inverter efficiency,

is employed in the control elec- and the loading and efficiency of
tronics to convert the rate gyro servomotors used to torque the

i signal to a deadband angle, gyro gimbals. Energy associated

with maintaining gyro speed is

The Gemini AMU system was virtually independent of the number
based on the assumption that the of times the gyros are used to

astronaut could frequently update generate and subsequently negate

his attitude reference by visual equal and oppos_'te control torques.

cues. Total drift in the system A system can be devised asing

could be as high as 6 deg/mln, manual glmbal torquiILg and free
' This system characteristic posed gimbal response for stabilization,

no problem in the simulations, thereby elind.nating electrical

and limit cycle operation was glmbal torques. Given a mission
never a factor. The AMU limit with a specified duration, AMU

cycle periods of 30 to 60 seconds system moments-of-inertia, angular
far exceeded the time betweev rates requi_ed and total number of
ccmmands, cyclic attitude maneuvers, and

given the current state of the art

in CMG and ba_.tery technology:, a
CMG CONTROL CONCTPT

CMG system weight can be determined.

Given a system geometry from which
An AMU can be rotated by chang- thruster moment arms can be derived,
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and given a propulsion specific and resulting in angular races from

impulse and tankage weight per 0,16 to 0,29 deg/sec. This results
pound of fuel, the weight of an in a practical limit on the size of

all-Jet system can be determined, the limit cycle deadband.

Obviously, the system performance

point at which CMGs become weight High pointing accuracy has not
effective is sensitive to the been required on AMU missions defined

effective specific iumulse. (Isp); to date.
i.e., fuel and tankage weight/

total impulse. For instance, ADsence of Expelled Products

stored high-pressure gas has an Isp
around 60 seconds, and tankage If a mission requires rotational

weight at least twice the gas weight maneuvers without expelling gas,

for an effective Isp of 20 seconds, such as the Apollo Telescope Mount
Hydrazine diluted 25% to reduce the CMG is an obvious choice. No

plume temperatures has an Isp of AMU missions of this type have been
175 seconds and a tankage weight specified to date.

of one-third the fuel weight for an

effective Isp of 130 seconds. The Another factor that may favor the
crossover point is also sensitive addition of CMGs to an AMU system is
to the state of the art J_ CMG the possibility of reducing total

design which is currently evolving Jet thrust requirements, to the

more rapidly than monopropellant polnt where a less toxic propellant
technology, or a propellant with lower plume

temperatures may be used. Factors
generally unfavorable to adding CMGs

Fuel Availability include increased complexity, gyro
cooling requirements, snd the time

: Electrizal "fuel" can be derived and power required to run-up the

from solar energy, atomic power gyros.

plants, and fuel cells, all of which !
yield high total energies for the

total weight orbited. None of these CANDIDATE CMG SYSTEMS
energy sources are applicable

directly to an AMU, but in a multi-

mission system, the parent space- Design Requirements
craft might use them to recharge the

AMU batteries. In conducting this study, which
was directed toward first deter-

mining the momentum storage control

High Pointing Accuracy system configuration, and then its
: mechanization and integration into

i By precise control of the torque, an existing AMU package, a study

applied to a CMG glmbal, the total plan was developed as shown in

momentum transfer car,be precisely Figure i. The study commenced
controlled. In comparing a CMG, : with a definition of control

system to an all-Jet system, the requirements and physical con-
controllability of momentum transfer straints. These definitior_:

: ,, is compared to the Jet's minimum- included:
• pulse-bit. For instance, in the

Gemini A_I the minimum impulse from i. A_tronaut Bod_ Inertlas
• t a peroxide thruster was 0.05 ib-sec.

_ TWo thrusters were fired consuming Roll Axis - 22.0 slug ft2
., approximately 0.02 pound of fuel
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• MECHANIZAllGI • TRADE-0FF rrUOIl_¢OlmDERATIO_

t -I"IASE LINE" SYSTEM U

i
-- • , ,

i L iq MECH,ANiC,tARIEVWEDATA_ ELECTRONIC SIMUI.ATICI_MeIJTEIcRNJ ANALY',I_II

'.- I f

i - k t

: • ' -k
f

FIG. 1 - AHU/CHG STUDY PLAN

Pitch Axis - 22.0 slug ft 2 5. Astronaut Body Drlft Rate
(Stabllt-atton Hode)

Yaw Axls - 7.0 slug ft 2 < 0.1 deg/sec

2. _.slred Astronaut Body 6. AMU/CMG System Weight

kotatloual Rates Allotment - 40 ib max

(Augmented control via 7. AMU/CHG System Volume
reaction Jets wlll always Assignment - 7.0 inches x

provide a 15 deg/sec 7.0 inches x _8.0 inches ,
rotatlonal rate)

8. Mission Tlme- 4 hours

Maximum- 15 deg/sec about
each axls 9. Avallable Power (nominal) -

+28.0 Volt DC

Minimum- 5 deg/sec about
each axis i0. Power Regulaticn Range -

24.0 - 32.0 Operate to

3. DeslreJ Astronaut B_dy , Specifications
Acceleration - i0 deE/set_ 22.0 - 34.0 Transient

Operation

4. Control Stick Travel -

+5 deg (all axes) 11. Power Penalty Factor -
-- 15 watt-hr/ib

V.O.6
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12. Reliablllty Goal - Not were selected without any res,_ric-
tions on cross-coupling effectsassigned, but must be con-

sistent with 0.995 for or whether electrical or mechanical

overall AMU Package gimbal torqui:.gwas to be dsed.
lhe candidate momentum storage

13. Operating Temperature coifigurations are presented in

Range - +20@F Co +I20eF Table i. It is significant to
note that all configurations which ;.

14. Operational Life - 300 hours employ double gimbal control moment
gyros also use and/or require an

15. Orbital Workshop Atmospheric electric drive for gi=bal torquing.

Composition - 20% to 100% 02 This is due to the difficulty
encountered in transmitting torques

16. Orbital Workshop Atmospheric across a gimbal pivot mechanically.
Pressure - 7.5 psi Configurations which employ single

gimbal control moment gyros can
utilize either mechan" Ii or

h _entum Storage Confi_uratlons electrical gimbal _.orqulng. In
8dd.[tlon_ they can provide gyro-

Utilizing the astronaut budy scopic control torques to Lhe ""
inertfa data and the desired astronaut body when used in the

• rotational rates, seven control "free mode" _ere the normal

moment gyro configurations were gimbal torquing mechanism is
' postulated for possible AMU appli- deactivated. These configurations

cation. _e_e configurations can provide the desirable feature

employ both single and double of passive stabilization.
gimbal control moment gyros, and

T,a.BLE] - MOMENTUM STORAGE CONFIGURATIONS ,_,

Colum, _ C_luam B

Ccnflguratlon .,.ntrolled :,_chanlcalOr H/gyz'o£¢-lb-sec B/8_'rofL-Ib-sec,u_es Electr_cal Drive
5"/_ec 1.5"/sac '5"/sec ]5"/aec

i. 6 SLOIG 2 X M,E. 1.15 3.46 1.15 3.46

2 . 1.L_ 3.46 I._ 3._6

2 Z 0.2_ 1.10 0.36 l.!O

2 3 SCCHG 2 XY M,E. 1.15 3._, 2.00 6.00

! I Z 0.73 ".20 0.73 -'.20

3, 4 SGC_ 2 X"f M,g. 1.15 3.4_ 2.63 4.89

: 2 z 0.36 1.10 0,36 1.10

4. 3 DGCMG 3 XYZ E 0.7_ _,.:'O _,"I 3.33

I
5. 2 DGCMG 2 XYZ E I._, 3.46 1.67 5.00

6. 2 SCCNGon xYz E 1.1'_ 3.46 1.67 S.O0
a Single
Cimbal Platform

7. I P(cHc 1 XY E _.30 6.92 3.26 9.78

2 SGCMG 2 Z I.L_ 4.56 2.32 6.96

NOTE: 20% Increment in E provided to acccmtlodate qd_O"KJJlblllal_Im z,u_r-_cZf_m.
{ values in the _ables are computed based upon the pazsalt;er_:

i I x - ly " 22 slug f¢2 I z - 7 81u8 f¢2

i _ (.,ax) = ,,y(max)- _a (mm) = 5"/me, 150/_.:{ x
!

,!
I

: V.2 7 . ,
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The momentum storage capacity i. All-Mechanical System

that is required of the gyros in

each configuration was calculated The all-mechanlcal system,
using two approaches. The results has three modes of operation:

shown in Column A assume that con- passive mode (attitude hold),
trol is exercised about one axis conmmnd mode (command body rates),

at a time. The.values listed in and caged mode.

Column B are independent of prior
control action and counterpart To achleva attitude hold,

momentum storage about any other the control stick is le_t at its

control axes. The calculations, null (detent) position, _d the
in both cases, are hased on the SGCMG scissor pair tends to move

desired maximum and minimum body in such a manner as to reduce body
rates, and allc_ a 20Z excess in rate along its controlled axis.

storage capacity which is associated Should the scissor pair reach its
with the desirability to restrict maximum momentum storage capacity

the glmbal angles to _+60 degrees. (60 degrees), the reaction Jets
fire, and the scissor pair is
desaturated, moving sway from its

Control System ._lechanizatlons 60-degree position.

To allow a consideration of When the pilot moves the
both mechanical and electrical control stick out of its detent

gimbal torquing schemes, and to on a specific axis, the cabling
provide a passive attitude stabi- is clutched into the scissor pair

lization mode, a control moment controlling that axis, and the

gyro configuration co_patlble pair is manually posltione_ by
with these objectives was tenta- the control stick. If the scissor

tlvely selected for the AMU/CMG pair reaches its saturated posi-

system. This configuration employs tlon, the Jets will fire until
a scissored pair of slngle-glmbal the control stick reposltlons the

CMGs about each control axis SGCMG pair off its stop (60-degree

(configuration 1 in Table 1). position). A thumb switch is

also provided to declutch the con-
The AMUICMG system should be trol stick from the scissor pair

able to perform three distinct at any control stick position.

operations: This declutchlng allows the con-
trol stick to be brought to null

I. Control body rates without moving the scissor pair.
I

2. Hold a body attitude When the pilot cce.nands

; position caging, the scissor pair is

mechanically torqued to its null

3. Eliminate the torquing position and it is mechanically
effect of the CMGs by held in that position.
holding the SGCMGscissor
pair at a null or caged 2. All-Mech--Ical Analog System
posltlon.

: This electrical system is
Five basically different imple- similar to the all-mechanical

mentattons meeting these three system. However, a position servo
requirements are appraised for 6nd gear train are used to replace
relative complexity and system the mechanical linkage to the
behavior, control stick. It is also used

i i • i i ! ii
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as a substitute for the dynamic mechanism is not required because
feedback in the all-mechanical control stick position is a direct

system, measure of body command rate;
when the stick i_ at null, the

With the control stick at rate is commanded to zero.

its null position, the scissor

pair is declutched from the Caging is accomplished by
torquer motor and gear train; using the SGCMG scissor pair

system behavior is then identical position angle as an input signal
to the all-mechanical system in to the torquer motor. This

the passive mode. commands the scissor pair to null.

Caging is accomplished 4. Combination Torque Balance/
electrically by means of a sole- All-_chanical System

noid and caging cam. Note that
this and other caging schemes are Because the torque balance
applicable to most of the systems and all-mechanical systems have

surveyed here, and may be inter- many of the same components, by

changed, providing the appropriate switch-
ing, one system may be readily con-

3. Torque Balance "ystem verted into the other. This may
be helpful for a laboratory corn-

The torque balance system parison of the two systems.
can be conveniently described by

considering three modes of system 5. Actively Stabilized System

operatlon.
In this electrical system,

For an attitude hold oper- the Input to the servomotor is the
i ation, the control stick is at difference between the control

its null position, the sclssc- stick and rate tyro outputs. The

i pair is declutched from the control stick commands body rates #
torquer motor and gear train, and directly proportional to control

system behavior is identical to stick position. The high forward
, the all-mechanical system in loop gains allow zero body rate to

passive mode. be commanded accurately, elimina-
ting the need for a clutch in

When the control stick is passive mode operation.

moved off its null on a specific

axis, the scissor pair controll- Caging la achieved by
ing that axis is clutched to its grounding the position servo input.
torquer motor through a gear This comu_-ds the scissor pair to •

: train. The torquer motor drives null.

the scissor pair until the input
command torque Just equals the 6. Combination Jet and (_G

_ gyroscopic torque. Since the System
gyroscopic torque is proportional

to body rate, a given input torque When the stick is at null,
, is used to command a particular the system is in the passive mode

body rate. as described in th_ all-mechsnlcal
system. When the control stick

If the control stick is moved off the null positionl
position is proportional to input the scissor pair is electrically

i torque, a thumbmcltch declutching caged and reaction Je_s are used
to obtain comlanded rates.

i

!
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T.able2 provides a comparison number of gimbaled rotor arrange-
of the candidate systems by ments, to assist in the selection

emphasizing system implementation of a control moment Eyro mechanical
dlffe_'ences and pilot Interface configuration. The momentum

effects. It also out1%nes the storage range study covered units

** relative system complexity and the capable of developing reasonable
d'fflcult design areas associated body acceleration torques in a

with each system mechanization, package size suitable for a b.ack-
; From these comparisons, t_,e torque pack application.

i balance system was selected for

i the AMU/CMGapplication based on Mechanical Design
system ccmplexit7, implementation

i requirements, pilot __nterfaclng, There are many factors which
i system performmce and power influence the selection of theI
i requirements. AMU/CMG prototype system. These

i' include availability of state-of-
• the-art hardware, cos t, maintain-

COMPONENTOPTIMIZATION ability, and incorporation of

Introduction features to permit adjustment of
' system gains and performance
i parameters.
,i Studies were conducted on a
|

TABLE 2 - COMPARi$,_N OF CONTROLCONCEPTS

Ai| mocb_de11 JLU NmtJOBIC81 &Ndol Totqgm klsRce _lM_te_ Ar;l_e _md =

Sttck I. T_ II i. lq_ed Irmml md 1. Ftm_J trmvltl mad 1. Fl_4 tf_el m_ I. Flsed Crmv*l mud I. rli_ cfav*l

dee te l_ttele rmte Tmrqpm 8rmdllt Torque stmdt*ml Torque irodtem¢ ToTq_ 8redtes¢ . •rid a,841_1

2. Lm[me _tck _ I. kloceb blt_tem 2. Cm_*mds |el
ubeo ot|ck t_mml flrlna
to Smell

). _lcl o¢ope _Nm
.mR i I_
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r* •
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illck r*Mluti_

_i ._. _mulve ot_lll- _. r_l_ scm_tllo 2. P_lv_ sto_llt-* 2. P*set,_ *lobtll- 2. A_ltre otlbtlt- ?. P_81ve i¢*bllt-
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The selection of rotor pro- in spite of the somewhat heavier

poctions, size, weight, speed, rotor required.
and material involves the inter-

relation of several factors. To ' I
minimize weight for a required ,,.c_mcE-v,,,_e
momentum, a large diameter rotor, _ m_ ,_"2

with a corresponding large radius ,, I j
!

of gyration operating at high / /

speed is indicated. However, _ /
rotor slze is restricted by package '...... I /
size considerations. Figures 2 /I

and 3 present power losses for __

gyro rotors operating in con- =|" uJ// --"

centric and cylindrical housings.
The values indicated are con- ,_msm

servatlve, since worse case gas _' .... ///
pressure and bearing friction

were assumed. Power loss is n,;t _ ._ /O

only proportional to spepd but | _ / /

increases exponentially due to // /

windage drag. Based on these f
factors, a more favorable equiva- ='

lent weight may be achieved by /
_- g5

selecting a lower operating speed ,. o--_
O- tO

I- I , _mma 1,,o_ O- U
_ fA.Vt_N_ - LI_ i- #

(INF.1R|RI_'V'NOL06NO. 1110_ O, el

GAS re%He _ / @ 2 3 4

I n0TM _ET_ i,. I

' / FIG. 3 - WINDAGE AND BEARING
I LOSSES (HAX.) - CYLINDRICAL8

" " / HOUSING SINGLE ROTOR

| r I The induction motor chosen :

: _ / operates sllghtly below synchronous
I / speed, the actual value of speed

o / being determined by the particular
L: _ / motor characteristic. Hotor

i I / operating speed determ_mes the "

i _ I required rotor inertia wh:l.ch leadsi "
' l/// &.._J to a rotor diameter. Table 3 --di | 'J_ Figure 4 present the relationships

i - b. rotors safety factor values

o T

of 2.5 and 4.0. The curve repre-
, _ ,, sentlng a theoretical safety

: o-u factor of 1 is included for

reference only, since it represents

" "" the limiting case based on pub-0 2 3 4

__'_ lished yiAld stress values for

FIG. 2 - WINDAGE AND BEARING the selected rotor material. The
LOSSES (HAX.) - CONCENTRIC . :

, HOUSING SINGLE ROTOR

' V.2.11
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TABLE 3 " PARAHETRICPATA - CHG ROTORS

$ ¢tess -Linltod- 181_

Given For Informstiou Only

u S.F. B H/W S.Y. n n/w S.Y. R H/w
in, lb (StreJm) ft-lb-sec, Eatio l_U (Stre_J) ft-lb-oec Ratio rpm (Stre48) ft-lb-Je¢ Ratio rein

1.0 1.13 1:1 1.37 1.21 88,250 2.3:1 0.86 0,762 35,2_0 6:1 0,679 0.601 43,700

1.1 1.51 1.26 0,860 50,300

1 2 1.93 1.79 0.918 46,20C
1.3 2.49 3.92 1.57 67,900 2.46 0,989 42,500 1.95 0.784 33,700

1.4 3.11 : 3.32 1.07 39,500

1.5 3.82 4.)0 1.13 36,90C

1.6 6.63 9.00 1.9_ 55,200 5.63 1.21 34,500 4.66 0.960 27,30U

1.7 5.36 6.96 3.25 32,500
i 1.8 6.59 9.03 1.37 30.700

1.9 7.76 17.90 2.31 66,500 11.20 1.44 29,100 8.86 J.la 23,000

2.0 9.05 13.80 1.54 27,700

2.1 10.66 i 16.70 1.60 26,300

2.2 12.03 ! 32.10 2.66 40.200 20.10 1.67 2SolOD 15.90 1.32 19,850I

2.3 23.75 I 26.20 1.76 24,000

2.6 13.58 J 2s._ 1.83 23,000

2.5 17.62 _, 53.70 3_ i35.600 q_ 33.60 1.91 22.100 __ 26.50 1.50 17,500

i 29'

I
i 18"

: 16"
!

23.000Rl_
14'

3
12"

0
I--

0 10-

* e• ";" 8"" "

4"

2"

O" "*

0 2 4 I 8 10 12 14 16 18 29 22 24 26 28 30 32 34 36

H ( ft.lb-mrJ

FIG. 4 - ROTORNEI GHT VERSUSHOHENTUMFORVARIOUS STRESSSAFETYFACTOR

proportions for the rotors used common mountlng frame by means of
are presented In Figure 5. ball bearings. A servo sear-box

forms a portion of thls frgme,
The single axis CHGassembly and con*.ains the 8peed-reduction

: presented in Figures 6 end 7 gear train and moupt_n s pads for
euploys a scissored pair of too- motor and clutch. A permanent-
mentum rotors, spin motors, nasnet DC motor torques the
bearings, gimbai ht_slngs, and glnbais through a four-pass sear
flex-leacL devices supported in a train and electromasnettc clutch.

V.2.12
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Is attached to the clutch. The
damper and clutch rotate at _.

approxlmately four times glmbal

velocity, thus reducing component \ --
size. Glmbal angle (_+60degrees) _. ,

readout information is provided I:L _c. \ /

by a tr.'nsducer mounted on one _ ,c.o,

pivot. _ \ _- J _'__

O'iR

FIG. 5 - ROTOR PROPORTIONS 1
: FOR SMALL CHG _"

FIG. 7 - LAYOUT - CHG
SCISSORED PAIR

D _ wlth tw,_degrees of freedom. I

for varlous assemblies are pre-

(D I sented in Figures 8 and 9. In

_/ each case, an assembly consistsof the gimbaled rotor housing,

tud_
, required, clutch, rate feedback

tachometer, viscous damper, and
slip ring assembly. The weight
shown on the curves is for a

single unlt assembly. Weight of
a given three-ads system will.

FIG. 6 - MECHANICAL SCHEMATIC therefore include the weight of
i SCISSORED PAIR the several xmlts required to

make up the selected system. In
Weight Studies some cases, rpm curves have been

projected into higher momentum

Weight studies were performed regions fo_ comparison purposes.
on various assemblies involving Windage and friction losses, or

gimbaled gyros wlth single degree- insufficient rotor stress safety

i of-freedom, scissored pairs of margin, may make a certain radius-
gyros, and double-gln_aled units

f

i V.2.13 ' :
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" J 1 I 3.5-1nch diameter rotor would be

....._..=_.--_ [ .mH._,--_---- 1.8 and the windage and bearing

.-_..._. _J _'_ i losses, according to Figure 2,"_'-- / =_'-" wou;d exceed 7.0 watts, thus
_'_=_ / ]/ =_ eliminating this design from

, "_"." // /_ _-_'-- further consideration. A control
//-i j gyro module, consisting of a pair

_' //_//f of identical gyro assemblies,

| ' ///_f whose momentum vectors together

i effect attitude control about a9"
single body axis is shown in Fig-

' ure 7 and schematically, in

'I Figure 6. Figure 8 presents
•[ weight versus momentum storage

• 14Ik.lH,,d 4 I values for the scissored pairs
" shown. It should be noted that

, FIG. 8 - WEIGHT OF GYRO momentum values reflect the

,_ ASSEHBLY PER PAIR VERSUS momentum stored by a pair of
• MOHENTUHPER PAIR gyros. A value such as 4 ft-lb-
: (SINGLE AXIS) sec, therefore, is representaclve

of a pair, each of which produces
- 2 ft-lb-sec., I

" I //" " CHG SYSTEM SELECTED

" ]/ _._"m/_ Baseline System

/! .,/"
, / f _ Based on the candidate systems/ / considered and the component/

'" /_; / optimization studies, a system
' __, /_f / which utilizes six single-degree-

. | j/_/" of-freedom gyros, in scissored
t l

i _ i,w.,.=u._ pairs about each of the control_o,_v axes, and which is mechanized in
S f nOTOR HOUmmG

TO4NOUEIqA,SYS the standard torque balance manner
4 ..'_3LEREIOLVERS --

_e,,_ was chosen as the baseline system.
_ • FRAa_

, In making this choice, control

moment gyro configurations, which

* employed double gimbal devices,

: 1 i were eliminated beta,me they did
I not permit the desirable feature

@

o , . , 4 i , * , • ,o of passive attitude stabilization.

"¢'_--_ In addition, the double gimbal :

FIG. 9 - WEIGHT VERSUS MOMENTUM gyro configurations, in general,
STOP,AGE - DOUBLE GIMBAL CMG employ larger momentum units and

these would have resulted in a

package design which exceeded the
speed combination in a projected specified outlines. The scissored-
region unattractive. For example, pair concept was chosen from the "
in Figure 9 the 36,000 rpm curve remaining configurations because
is projected out to include a

of its inherent low cross-coupllng
momentum of 10 ft-lb-sec. The between control axes.
stress safety factor for thl8

V. 2.14
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Electronic Requirements tion, for t!e integrated circuit
operational amplifiers, is

The electronic requirements generated from a regulated p_er

for the chosen AMU/CMG system are supply i,: the CMG electronics

presented in Figure i0. The box. AC excitation, for _'e-
block diagram consists of the solvers, and the keying signal

following electronic circuits; for the demodulators, is tapped
off h_leoscillator in the inverter

Motor Drive Amplifier and amplified through a drive
amplifLer to provide sufficient

Gain Amplifier driving power. The power losses
of the electronic circuits are

Demodulator presented in Table 4. The con-
struction of the CMG Electronics

Pulsing Circuit will be potted (epoxy encaPsu-
lated) modules employing soldered

DC Power Supply printed circuit board construc-
tion. Module interconnectlons

AC Power Supply are made via a wiring harness.
Table 5 gives size and weight

Static Inverter information for the proposed
circuits.

The only power excitation needed The output of the glmbal angle
by the CMG system is +28 VDC. limit switches interfaces with the

Gyro spin motor excitation is jet thruster logic electronics

52 volts peak-to-peak, 3-phase which controls the operation of

and 600 Hz. This excitation the Jet thrusters. The Jet

is generated by the CMG inverter, thrusters are used for desatu-

The +12 _rDCand -12 VDC exclta- ration of the CMG system when

I- O_TRO.I _'_SIGNAL

STICK _ 28V1_

ASSEMBLY i X-AXIS

i i i ii
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TABLE it - CMG ELECTRONIC POWERLOSSES
| I

CMC - RUN

Circuit QuantiLT CMG Spin Up CMG - RUN Maximum
No Commnd No Command Co_.nanded Rare

Gain Amplifier 3 0.15 W 0.15 W 0.15 W

Demodulator 3 0.30 W O. 30 W 0.30 W

DC Powzr Supply 1 0.50 W 0.50 W 0.50 W

AC Power Supply 1 0.60 W 0.60 W 0.60 W

Pulse Circuit 6 0.99 W

Motor Drive Amplifier 3 0.30 W O. 30 W 62.37 W

Static Inverter I 25.00 W 16.00 W 16.00 W

TOTALS: 26.85 W 17.85 W 80.91 W

TABLE 5 - PHYSICAL CHA;ACTERISTICS (SIZE AND WEIGHT)

Vol. Wt. Total_ Total
Circuit (in _ Qua: Ity(lb) Vol (in_) wt. Xlb)

Motor Drive Amplifier 30.0 1.35 3 90.0 4.05

Gain Amplifiers .84 0.04 3 2.5 0.12

Demodulators 2.0 0.09 3 6.0 0.27

Pulsing Circuits 2.0 0.09 6 12.0 0.54

DC Power Supply 5.8 0.26 i 5.8 0.26

AC DrlveA_)llfler 6.4 0.29 1 6.4 0.29

Static Inverter 60.0 2.50 1 60.0 2.50

TO'I_LS: 182.7 in3 8.03 Ib

the stored momentum is used up. where

Stick commands and mode switching
come from the hand controller. 12 total SGCMG palr

glmbal inertia
The +28 VDC power excitation comes

from either a battery on the D2 total added system dampingbackpack or from power supplied =
• through an umbll/cal from the

orbital workshop supply. I 1 - body inertia about thecontrolled axis

The torque balance system H = total momentum storage
chosen is presented in Figure ii capability (4 ft-lb-sec)
in the passive mode. In this case,
the dynamic response of the body

a = SGCMG scissor pair angle
rate, with uespect to the system.

takes the form: F - total friction seen at

F sem a SGCMG pair gtmbal
s (1)

%(s) " F s2+ "2 ']x1+ ,2 _,, . S = LaPlace transform variable

V.2.16
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FIG. !1 - AMU/CMGTORQUE BALANCE SYSTEM - PASSIVE MODE

D2, the damping added to the sys- is not monotonic but increases
tem in passive mode, is chosen to with u; beyond some value of u,
provide critical damping when the determined by initial conditions,

scissor pair is near its stop. cos u decreases faster than _S
Without dampln_ a steady-state increases with u, For these con-
limit cycle exists, ditions, the control torque must

be deereaseu to increase body rate.

The steady-state body drift This represents an uncontrollable
rate level is calculated from the situation in which the scissor

above equation using the final pair tends to ride into its stop
value theor,m: once u increases above a certain

angle.

F (2) The system may be made con-
_(t) steady-state = H cos u

trollable by introducing a varl-

able gain in the forward loop cf
the form K cos a. This forces

If a constant disturbance occurs, the control torque to decrease
the steady-state rate is increased

with u as the gyroscopic _eedback
by torque decreases with _, In

steady-state, the torque balance

D2 a equation (neglecting friction)becomes :
H cos

K 6 s - H _B (3)In the torque balance system,
the gyroscopic feedback torque is J

cos a. In steady-state, this where
torque is balanced by the input

control torque. However, _5 cos c 6 s - control stick position
|
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K = constant gain gear ratio due to power dissi-

pation), It takes one-thlrd of a

_.,e body rate is now directly second foe the system to _each

proportional to the control stick 90% of its commanded rate in

position, pitch and roll.

It can be sh_en that a con- In the caged mode, the SG _G

m_ siderable error cax_ be tolerated scissor position angle is used as
in measuring _os a for use in the an input to the torquer amplifier

forward gai_. If the LaPlace to torque the scissor pair to

transform of the linearized null. The torquing gain is chosen

dynamic equations de_'ived from large enough to torque the scissor

Figure 12 is taken, the resu±t pair within 0.5 degree, when the

is: body rate is at 15 deg/sec. When

z the scissor gets to this angle,

'x_s*_...... "_': (4) it is mechanically constrained,=

H2 co41
"'(') [(J _ "'21 $2"{ D. N_+ DZ)$)1,' •! so an underdamped system response

i is considered icceptable.

f For the parameters employed ini A digital computer simulation
' the system, this represents an! of the AMU/CMG torque balance

overdamped response whose major system was perforced. Figure 13

! time constant is determined by presents the system response to a

; N, the gear train ratio. The control stick "step" input of

smaller N is, the faster the time 2.5 degrees. This corresponds

i response of the system. However, to a commanded 7.5 deg/sec body ,

the smaller N becomes, the higher rate. hue to the high friction

the power dissipation in the level in this mode, there is a

torquer motor. For N = 68 (close body rate uncertainty of approxi-

to the lower limit placed on the mately +0.86 deg/sec.

Tr_

-' t I-;-'1 a •

D
FIG. 12 - AHU/CHG TORQUE BALANCE SYSTEI't - ACTIVE MODE

T
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FIG. 13 - AHU/CHG TORQUE BALANCE FIG. 14 - AHU/CHG TORQUE BALANCE
SYSTEH RESPONSE: 7.5 DEG/SEC SYSTEH RESPONSE: CAGING

RATE COMMAND

Figure 14 Illustrates the body An Improvement In rate reso-
rate experienced by the astronaut, lutlon can be achieved by adding
if he should cage the gyros vhen a hlgh frequency slnusoldgl slg-
he Is not holding onto a massive nal to the torquer amplifier
object, or if he uses reaction input. This signal reduces the

i Jets for attitude control. For effective friction at the gimbals
simplicity, only one axis (X) is of the scissor pair.
shown. Because of the ice damp-
tng, the simulated system takes The major reason for the body
approximately one second to reach rate resolution problem Is the

i steady state. In the actual sys- Ice forvard loop gain due to
i tem, the scissor palr wlll be friction In the torque balance

mechanically held at zero as soon system. The co.pliant system,

as it reaches this point, shown In Figure 15, has s high

i forward loop gain. Because the
I The major deficiency of the servomotor and gear train are in

torque balance system in command this high gain loop, the motor
: mode is its rather poor body rate and gear train friction is

resolution. The hlgh friction In effectively removed.
' this mode can lead to a body rate

differing from the commanded rate In t_z torque ba1_n_e system,
by as much as 1.2 deg/sec, the gyroscopic torque, equivalent

V.2.19
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FIG. 15 - AHU/CHG CONTROLSYSTEM - SCHEHATIC DIAGRAH

to a load on the motor, is Just MTBF (Hours)
balanced by the co_mnd torque at
the motor input. In the compl4ant Fixed
system, the gyroscopic torque is Groun______dSpace

•_ measured by a compliant element,
scaled, and compared to the con- Torque Balance

i trol stick co.and at the servo System 6247 10,410

aupllfler lnput. The amplifier
gain is chosen to make the differ- Compliant
ence between the command rate and System 5959 9931

actual body rate arbitrarily small.
If the co, and stick Is at null, Packaging
the body rate Is co_anded to
zero wlth a close enough tolerance Several posslbllltles were con-
to eliminate the need for de- sldered during the course of
clutching the motor and gear traln arrlvlng at a sultable Uq4Gsystem
from the scissor gyro pair. Installation concept, Modular

: units could be distributed about

If the body rate resolution the AHU packboard or be grouped
associated with the standard to form a tightly integrated
torque-balance AHU/CHG system arrangement. The latter was deemed
proves to be objectionable to the advisable, since such an so__embly j
astronaut, a mechanization utiltz- could employ point-to-point hard
£ng the compliant system features wlrt_g, and simplify checkout and
may be employed. Thls latter qualification as a subsystem.
system is a bit more complex but Sealed construction was chosen In
it wlll provide the required body vlew of the measure of protectlon
rate resolution, afforded electrical and mechanical

components, the ability to main-
tsln adequate heat rejection, and

Reliability attendant safety considerations.
In the ultimate application, where

ReLiability predictions for the an /d4U will be exposed to hard
torque balance and compliant sys- vacuum situations, the seal will
terns were made using an applicable afford protection to the gear
computer program. The mean tlme train and bearings, thus reduclng
between failure (NTBF) predictions lubrication problems, and lmprov--
for the two configurations are: tng the life of motor connnutators, l[ _-

V.2.20
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Figure 16 shows the package momentum of 4 ft-lb-see per pair;
construction features. Dimensions inverter module; control elec-

for an assembly with 4 ft-lb-sec tronics; pressure relief valve;
momentum storage per axis, where electrlca! connector, and gasket-
rotor speed is nominally 36,000 sealed cover. Table 6 gives s
rpm, are 5.75 x 7.50 x 16.44 inches, detailed weight breakdown for the
With the addition of viscous AHU/CHG system.

dampers in each axis, the overall

weight will mount to 38.7 pounds. The estimated power drain from
the +28 VDC battery is 149.8 watts
during spin up mode, and 60.75

Nelght and Power Summary watts during CHG run vlth no
command. The peak power drain is

The estimted weight of the 196.41 watts. Power drain includes
the power requirements for theA,WJ/_,_G system is 38.69 pounds.

The system, as presented in inverter, control electronics,

Figure 16, consists of: a chassis gyro spin motors, gtmbal drive
bedplate; 3 gyro sclssored-pair torquers, and clutches. Table 7

subassemblies with a total angular presents a power summary of the
CHG system.

; ]__
± : = = = ............ •

F
4- -J- "'T'E --_

! I --- '
i

FIG. 16 - AHU/CHG ASSEMBLY ".-
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TABLE 6 - AHU/CHG WEIGHT TABLE 7 - POWERSUMMARYTABLE
BREAKDOWN (DISSIPATION IN ¼"ATTS)

--tit, Des:ri,tion V*ll_t _----C_.=.'"

1 Co3mr 1 ° 30 O_,_t i=. c,. _c.

_1 ¢y¢o S¢28_red Psir 25.3.5 • :._o _cer

I ZMt'eqlfr I[• _* 2._0 T $18¢2¢ _aTelt • ."
°

1 CoQcroI L_ectro_ies $.$3 1 cz_.; _:_cc_

1 li81ief Yalve 0.10 ; :'._.: 5_.
} _erqw* qb¢or ..... !

]8.6_ _undLq

•

J!

i °*O_¢at X_ ._te_ej

_ ¢J_m_te ci_rl us •

| l_ c1_tca, _t_I dr_ e_e_t_outcs _re c_ed off. _-_o
v_I* _re _¢eIersCe4 _e r_ ,_•z.

ar_ t_ _t_aZ Iz_¢ s_s _ t_¢ee tt868I 1_-stt _ltche_

,

_. V.2.22

]97] 066602-353



AUTO._ATICALLY STABILIZED

R. B. Seely

Space Division of North American Rock'_ll Corporation

Project Ermine.r, Space Maneuvering Devices
Downey, California

SU_JhRY: Various types of equipment has been proposed
to allow powered ms_ueuver_Ar_by _u astronaut on Extra

Vehicular Activity (EVA) missions. Complete evaluation
of these devices on the ground is extremely difficult,

if not impossible. The Automatically Stabilized Maneu-

vering Unit (A_) was designed and developed to

facilitate comparative evaluation of various powered
astronaut maneuvering techniques in a controlled

experiment at true zero-g within an earth orbital
laboratory. The unit allows evaluation of "fixed-

thruster" type maneuvering equipment utilizing three
selectable attitude control and stabilisation modes;

it can also provide propellant, power and flight data
instrumentation for evaluation of devices which utilize

thrusters that are "aimed', by the astronaut's limbs.

The AS_._can operate in a self-contained mode, or with
a parent-craft propellant/power umbilical; it can be

used by shirt-sleeved and/or space-suited astronauts.

INTRODUCTION simulations was brought into sharpr

focus during the Gemini-EVA
_=ring the past several years efforts. As stated in the intro-

: many widely different approaches have duction to Reference i: "One of
been proposed for providing an astro- the most difficult aspects of

i: naut with a powered maneuvering developing an extravehicular
capability for his Extra Vehicular capability was simulating the

Activity (EVA) tasks. The definition extravehicular envirorsaent.....
. of operational EVA techniques for Zero-g aircraft simulations were
! future U.S. manned space programs valuable, but the results of the

! hinges upon true evaluation of these simulations were occasionally
! maneuvering unit concepts as to misleading. The novel charac-| ..e.

, their capabilities and limitations teristics of the extravehicu!_

I in an absolute, as well as compara- environment and the lack of com-

I tive sense. Attempts at performing parable prior experience made
• this evaluation by analytical and intuition and normal design

, . ground simulation techniques of approaches occasionally inadequate. "'
various types have met with only

limited success. Evidence of These experiences clearly
unsatisfactory correlation between indicate the need for a controlled

actual EVA and these analyses/ experimental evaluation of the

V.3,1
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various powered maneuvering unit and equal thrust vectors separ-
concepts in a true zero-g earth ated by a moment arm; if the
orbital laboratory. In order to two forces are not equal or not
_r_se the weight and cost of exactly parallel a resultant
the havre needed for such an undesirable translation is also

experiment it is essential that a introduced.
,_Iti-mode device be ut_lized which

can represent several maneuvering Though the astronaut, like
unit concepts without duplication any spacecraft, is weightless in
of equi_xaent. Recognition of this orbit, he is not -_ssless, and
need prompted the design and develop- so has both linear and angular
sent of the AutomaticallyStabilised inertias about all six degrees
_euvering Unit (ASMU). of freedom. Where the usual

concept of a spacecraft is an
In order to properly relate the essentially rigid body, this is

ASMU design features to the intended nct the case when the astronaut
mission, this paper first briefly himself is the spacecraft. From
reviews the various maneuvering the vehicle engineer's point of
unit concepts and the difficulties view, he is more closely equiva-
related to their evaluation by lent to a 180 pound mass of Jelly
analysis and simulation. This is than to an_ known rigid body
followed by a description of the concept. His loosely articulated
ASMU vehicle and its development Joints, his space suit with the
program, built-in constraints, his life

support, co_nur_cations and
THE PROBLEM maneuvering equi_nent, his camera,

his tools and other dangling
The design of any device intended appendages all make determination

to provide an astronaut with a power- of his exact center of mass (CM)
ed maneuvering capabilitymust be and of his inertias quite problem-
consistent with the dynamics invol- atical. The elusiveness of these
veal. In the free floating environ- fundamental parameters makes con-
meritwith the EVA astronaut moving trol of the astronaut-spacecraft
about near his spacecraft or going a ur_.queproblem where the trade-
fr_n one space object to another, offs developed for essentially
the astronaut himself _st be con- rigid vehicles cannot be directly
sidered as a space vehicle which is applied.
subject to all the classic laws of

motion. In classic theory, to The various types of powered
: accelerate this body in a given maneuvering devices approach

direction, one has to apply a force this control problem in differ-
vector (i.e., a Jet thrust) in the ent ways. Two general categories
desired direction. In order to can readily be identified: (a)
obtain pure translation thi_ force units whose thrusters are posi-
(thrust) vector un_stpass through _ioned and aimed as needed by
the center of mass thus avoiding the a-_tronaut.slimb movements,
generation of torque(s) which, if and (b) equipment with thrusters
not countered,weuld cause unde- which are essentially fixed as
sired rotation of the bod_. In to location and orientation

order to obtain pure rotation, on relative to the astronaut,s body.
the other hand, the rotation _st The latter devices contain auto-

be generated by a balanced force- rusticstabililation equipment,
couple consisting of two opposite the former do not.

V.3.2
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Thrusters Aimed by the Astronaut Fixed Thrusters

'_typical example of these de- An example of the fixed-
vices is the Hand Held f%_neuvering thruster type equipment is the

Unit 6H_I) utilised by Lt. Col. Air Force's _odular Maneuvering

E. White on his hystoric Gemini Unit (MMU) which was carried

IV "Space Walk": other designs (but not used) on the _emini-
mount the thrusters on the astro- IX-A flight, These devices are

naut's fingers or on the shoes of usually in the form of a back-

his space suit. These units pack. in addit_ on to their
utilize a min_.,_m number of thrust- basic maneuvering equipment they _

ors (the H}_J has only three) may contain the life support and
which, by proper positioning and teleccmssAnications gear (modular

aiming, can produce accelerations or integrated). Since the

in six-degrees-of-freedom. Due thrusters are fixed, a minimum

to the low number of thrusters of eight are required for attain-
(and related plumbing), and as a ing control in six degrees of
result of omitting the automatic freedom (most units have 12 to
stabilization equipment, these 16 thrusters for better fuel

devices are somewhat simpler, economy, control and redundancy).
lighter and smaller than the fixed- The larger number of thrusters

thruster equipment, and related plumbing and the
addition of the automatic atti-

Omission of the automatic tude control e_Aipment results

stabilization feature, places a in a somewhat increased complex-
considerably increased physical ity, weight and size of the

and mental burden on the astronaut, propulsion and flight control

! In utilizing these units for trams- equipment.
lat'.on the astronaut must position

and aim the ,;hrusters (by moving The physical and mental

:: his limbs) _ .ch that the resultant effort required to maneuver with
thrust vector passes through his these units is considerabl_ less

_! with its direction toward or since (a) in response to trans-

away from his _arget for acceler- lation and/or rotation connands
ating or decelerating respectively, essentially pure accelerations

If he misses his elusive CM, he are produced eliminating the
will rotate untO! he introduoes an need for subsequent reiterative

opposing torque _dth his thruster(s), corrections, (b) the strenuous

Since these devices cannot produce limb movoments of positioning

pure torque couples, his corrective and aiming the thrusters are

action will also introduce a trans- eliminated, and (c) the astro-
lational acceleration thus result- naut' s attitude remains essen-

ing it.a change of flight direction, tially stable during the coasting

A repetitive series of corrective phase of his flight without

"i thruster aimin_firing sequences corrective action on his partt

will thus become necessary. Once (automatic "hands-off" stabili-

I the desired flight path is estab- zation).
lished, the astronaut will "tumble"

unless he periodically aimes and Most fixed-thruster type maneu-
fires his thruster(s) t_ obtain vering unit concepts also pro-
corrective torques, vide a capability of deactivating

v.3.3
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the automatic stabilization s),_tem Control Moment C.yro (CMG) Systems

thus allowing direct open-loop

torque-commands to be issued to The Control Moment Gyro (CMG)

the thrusters when needed. This type system utilizes the angular
mode, referred to as "manual mode" momentum of its wheels to pro-

is utilized at the work site or duce the primary control torques;
whenever attitude hold is not thruster produced torques are

desired, utilized only when the momentum

capacity of the wheels is ex_
Two general types of automatic hausted. Since almost all dis-

stabilization approaches have been turbances and cow,ands encountered

proposed for these units: (a) con- in frictionless space are cyclic

ventiomal Rate @yro (RG) type in nature, the momentum stored
systems, and (b) Control N_ment in t,hewheels is basically self-

Gyro (CMG) type systems, replenished with ve_- little, if

any, support from the thrusters.
Rate Gyro (RG) Systems

: CMG type systems give con-

The Rate Gyro (RG) type stabili- tlnuous, proportional stabiliza-

i zation system, schematically de- tion without cyclic "bang-bang"
picted in Figure i, utilizes the operation. Since transfer of

propulsion thrusters for producing momentum is essentially instan-

vehicle control torques. In the taneous, the astronaut does not

absence of astronaut commands the have to pre-estimate the time
system automatically fires the when his rotation command should

appropriate thruster combination be terminated in order to achieve

whenever the angular rate or atti- the desired attitude; his rota-

tude error _ceeds the predeter- tion stops essentially when his
mined deadband values. The system cow,hand is terminated. The CMG

fires the thrusters in a cyclic de_ices are also uniquely suited

"bang-bang', manner in response to to coping with the non-rigid
, the rate gyro feedback signals, nature of the astronaut. Com-

parison can again be made to the

When a rotational command is bowl of Jelly. When disturbed,
issued by the astronaut the system it oscillates in a somewhat

fires the appropriate thrusters harmonic fashion about a null.

to produce the _equired vehicle RG equipment would call for Jet ,

torque. When the rate feedback corrections for both plus and

signal of the rate gyros equals the minus errors as they occur,
cca_mded rate, the thrusters cease whereas the CMG uses Jets only
to fire. when the accumulative null has

shifted beyond its capacity to
When the astronaut terminates absorb the disturbances.

the rotation c_mmand the system

autc_atically fires the required Conventional CMC systems
thrusters to produce deceleration utilise rate gyros for feed-

torque until the rotation ceases, back sensing purposes as sche-

The astronaut must pre-estimate matically shown in Figure 2;
the time he should terminate his some CMG systems, such as the

command to assure that he faces in unique Dual Purpose Gyro (DPG)*

the desired direction when the system, utilize the 'uomentum

rotation cease_, wheels for both torque producing

*Patent applied for.
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and rate sensing functions as de- devices are well suited for first-

picted in Figure 3. The DPG order testing and training pur-
approach eliminates not only the poses. While four and/or five

rate gyros, but also the feed- degrees of freedom can be pro-
back electronics. The DPG system duced by the addition of air

is described in a later section in bearing type gimbals, the non-

more detail, rigid body of the astronaut
cannot be balanced to the level

Evaluation and Trade-Off_s of accuracy required. These

simulators cannot produce true
The maneuvering unit concepts six degrees-of-freedom fric-

discussed in the foregoing vary tionless conditions without

as to complexity and weight. In distorting the center- :,_'-mass/
general, the more complex units inertia/mass relationsh: _s to
offer increased ease and quality such an extent that the simula-

of operation requiring less physi- tion becomes invalid. These

cal and mental effort on the astro- devices also tend to "rigidize"

naut's part. the non-rigid body by having to
support and balance the astro-

The concepts also vary regard- naut in the one-g field. Thus

ing the quantity of propellant a complete simulation of the

required for a given mission. The complex behaviour and control
hardware weight penalty of some problem of a non-rigid body in

concepts thus tends to be offset by space cannot be attained by the

the reduced propella_t consumption, moving base simulator approach.

The relative as well as absolute b. Zero-g KC-135 flights
merits of thes, devices is totally are handicapped by the short

dependent upon the extent to which duration of the zero-g condi-

these trends hold true in actual tion. As reported by Gemini

zero-g space use. The need to EVA astronauts, the difficulties
conserve the astronaut's limited and physical efforts experienced
energy capacity for useful tasks on actual EVA missions were much

at the work site was well estab- greater than those noted in

lished by the Gemini EVA axperi- KC-135 flights. In describing
ences. To what extent, and at what the Gemini IX-A EVA mission,
cost in weight, the various maneu- Reference i states: ,'While

: voting unit concepts attain this outside the spacecraft, the

goal h_J been the subject of num- pilot discovered that the fam-
erous analyses and simulations, iliarization tasks and evalua-

The same is also true of the pro- tions required more time and

pellant consumption vs hardware effort than the ground sim_la-

weight trade-off. The analytical tions ..... The tasks of pro-

and simulation techniques have met paring the AMU required much
with little, if any, success in more work than had been ex-

these areas for the following pected .... Several corrective
reasons: measures were initiated for the

_ problems encountered during the

a. Moving base laboratory Gemini IX-A EVA ..... Also,
simulators which utilize air bear- underwater simulation was ini-

ings operating on precision floors tiated in an attempt to simulate
yield excellent frictionless motion the weightless environment more

i in thres degrees of freedom. These accurately than zero-g aircraft
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simulations.,,i In the same docu- themselves or Jointly, give a
ment, describing the Gemini XI t_e and complete reproduction
EVA, it is stated that: "The of an EVA mission involving
lero-g aircraft simulations had powered maneuvering.
not sufficiently duplicated the
extravehicular,environment to Thus additional evaluation

demonstrate the difficulties of of the various powered maneuvering
the initial extravehicular tasks..I techniques in an earth orbital
Thus, while KC_135 flights are a laboratory appea..sto be
valuable tool in _he overall necessary for eelecting the most
development cycle nf EVA maneu- suitable concept for future
vering units, they fall short of operational use. The need for
accurately reproducing the actual such a reiterative process
EVA conditions, in the develo_nent of an opera..

_, tional maneuvering unit is depicted
c. The correlationwith true in Figure _. This conclusion has

zero-g conditions is much better in prompted the development of the
J the case of neutral buoyancy tests. ASMU which allo_ this evaluation

i This observation is, however, of the basic concepts without

limited to s_tions where unnecessary duplication of hard-
essentially no maneuvering is ware.
involved. The hydro-d_c and
viscous drag effects render such /:,r,_P_"_:OAS_TO THE SOLUTION

i siwAlations invalid when the
|

primary evaluation concerns trans_ in order to obtain the most
lational an_or rotational m_neu- meaningful data for ew_luation
vere. of the various maneu_,_ripgunit

concepts, and to do so _th
d. Neither purely ana_ical minimum weight penalt_, the

studies, nor c_aputer simmlation_ design of the ASMU wa_ _ _sd on
can evaluate physical and menta_ the following ground ru_ :
ef:;ortsof astronauts without d_=

• regarding typical profiles and a. The equipment ._._._t allow
i energy-costs of the movements, evaluation of all ba....__oncepts

d_gx_e and energy-cost of mental (i.e., the fixed-thr_r......r _
effort and anxiety, etc. These approach with RC-,; ',_ _,_1 "manual"
methods cannot determine the effect _t_.bilization,.':r _/,, _ as equip-
of the non-rigid astronaut on fuel m_nt _tilizing ._-_ers positioned
consumption without a typical model and aimed by t__ .,_ronaut);
of the non-rigid body as it behaves

in t_nm zero-g frictionless space, b. The v_.-iousconcepts must
As previously indicated however, be evaluated _nder essentially
such empirical data cannot be ob- identical conditions to ach4eve

tained in moving base simulations, normalized data;
KC-135 flights and/or neutral
buoyancy tests, c. Hardware common to var-

ious units should not be dupli-
Thus moving base simulators, cared:

KC-135 flights and neutral buoyancy

simulations provide valuable infor- d. The unit must provide a
marion and training for certain capability of operating in a
fragments of an _A mission. None totally self-containedmode as
of these methods can, however, by well as with umbilicals to allow
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evaluation of the disturbances The unit is secured to the

caused by the umbilicals and to astronaut by two adjustable

pr, ,ide extended mission duration shoulder clamps, an adjustable
with alternate flexibility, buttocks-gauge and a waist-

harness. Neutral buoyancy tests

e. The unit must be refur- illustrated in Figure 9 were

bishable in the orbital laboratory utilized to develop techniques A_

to allow repeated use in variou_ for donning/doffing of the unit F
modes, by an ur_.-slsted astronaut at

sero-g.
Vehicle Design

T.e _xte_nally located Pro-
The basic configuration of the pell_nt Supply Subsystem consists

A_MU, as illustrated in Figure 5, of the pre_sure vessel and all

is that of a backpack with two high preusure elements of the
side-arm controllers. This con- propellant distribution system.

figuration was chosen to allow This integrated approach pro_ide_

representative evaluation of the a low pressure interface with the
fixed thruster type maneuvering backpack proper via a unique

units. The backpack was care- quick-disconnect coupling. By
fully contoured to fit both space- replacement of the Propellant

suited and shirt-sleeved lOth Supply Subsystem with a ful_v

through 9Oth percentile astronauts charged one at _he low pressure
utilizing techniques shown in interface the ASMU propellant
Figures 6 ard 7. The lightweight can thus be refurbished in a

aluminum structure of the back- safe and rapid m'_.mer within the

pack proper, shown in Figure 8, is orbital laboratory.
of a beam-stiffened box construc-

tion where the structural shelves The ASMU provides six degrees
and webs are also utilized for of maneuvering freedom ar_ can

mounting components of the sub- opurate totally self-contained.

systems. It c_n also be used with its

! propellant and part of its elec-
i The control arms of the unit trical power furnished from the

-, can be locked in three positions: orbital laboratory via umbilical

in the operating position shown and hardlines respectively. In

_ in Figure 5, in a 90o up position either case four operational
i for stowage and in a down posi- modes are select_bie to provide

tion t_ provide maximum access at performance representative of the
the wo_2 site. The rotational and basic maneuvering unit concepts

i translational control handles are _o be evaluated" (a) fixed

! on the right-hand and left-hand arms thrusters with automatic RG
i respectively; functional mode con- stabilization, (b) fixed i_hrusters

i trol switches and displays are with automatir C_ stabilization,
located on both arms in easy reach (c) fixed thrusters with "manual" ,_

:I within the field of view of a stabilization, and (d) thruster_
, space suited astronaut. Alternate aimed by the astronaut utllizing

I concepts for ccsnand/control with- the HH_J Jet-shoes, Jet-fingers
out the use of control handles are or any similar unit. For the IL

, being studied in an attempt to last mode the unit provides the '
; liberate the astronaut's arms and HI_,_or other similar device with

hands for performance of work tasks, its propellant and with its flight

v.3.?
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dynamics instrumentation including as shown in Figure 12, as well as . ,
related telemetry and power, in KC-135 zero-g flights, j,_,-

The unit contains five sub- The DFC, system was selected
,_ systems: fl_ght control/stabiliza- over other CMG devices for the

i tion, propulsion, electrical power, ASMU application in light of the
displays and controls, and data following advantages inherent in
management, it3 unique mechanization:

a. It utilizes its momentum

Flight Control_Stabilization wheels for two simultaneous func-
Subsystem tions (hence its name); the same

wheels provide the vehicle con-
The flight contro_stabilization trol torques by.m_mentum exchange

subsystem is a culmination of in- and also sense vehicle rates for

depth research and development self-contained feedback purposes.

work in the specialized field of Thus the need for rate gyros is
controlling and stabilising maneu- eliminated in the C_ mode.
vering units. Numerous analytic

studies and hardware development/ b. Since the large momentum

testing efforts were conducted in wheels provide the rate sensing,
regards to various RG and C_G type their inherent low sensing thres-

systems in order to evaluate their hold and drift assures superior

applicability to the problem of attitude hold and stabilization

stabilizing a highly non-rigid characteristics without sophis-
body in space, ticated sensors and/or electronics.

The selected m.3chanization for c. The system requires no
the ASMU is illustrated in Figure I0. electrical feedback loop, summing,

It utilises the unique Dual Purpose shaping, filtering or other ccm-
Gyro (DPG) type system for the C_G putational functions. The feed-

: mode of stabilization. In addi- back is attained mechanically by
tion it also provides essentially the unique utilization of the

conventional types of RG and "manual" gyroscopic characteristics of the
stabilization modes. The thruster- momentum wheels.

torque cceaands produced in any one

of these modes together with the on/ d. Improved reliability is

off translational thrust ccemmnds, provided by the inherently redun-
are processed in the Jet select dant nature of the system (2

logic for firing cf proper thruster wheels per axis; any one of the
combinations, six wheels can fail without

significant degrada'ion in per-

CMD Stabilization Mode UsinK the formance).
pPGS_tem

e. Simple, reliable mechani-

Several generations of DPG cal linkasas can be utilised with

hardware have been built, tested, the system for input co,nands,
and demonstrated over the past eliminating the power demands of

four years. The concept was electrical torquing.
tested on three degree of freedom air i

bearing tables, as shown in Figure !
Ii, on three degree of freedom air

bearing type moving base simulators ,

V.3.8
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DPG _4echanisation respectively.

The DP(_utilizes two gyro Stabilisation by DI_
wheels per axis which are mech-
anicall_ _ coupled with sector The objective for stab_tsa-
ge_ s. • _ gimbals have limited tion is that _mentum should be
angular t.'avel with ncs_al values exchanged fr_ the DPG to offset
of __5o When the gimbal angle is the _ntuB of the vehicle so
zero, the net angular m_m_ntum is that the total momentum of the
zero, which eliminates gyroscopic system will equal sero; i.e.,
cross-coupling as compared to a

single gyro per axis concept. The HVehicl e - HDpG -- 0
wheels operate very efficiently
within evacuated add hermetical]_ The vehicle rate about the sens-
sealed inner gimba! housings. The ing axis causes the g_e to be
sealed gimbe!s are mounted in turn slewed in inertial s_ce.-__.They
within a hermetically sealed outer precess about their gimbal axes
housing str_cture which is filled so that the spin vector will tend
with silicone oil for damping, to align with %he applied torque
Com_ torques are applied to the vector of the vehicle rate. The
gimbals through a bellows mech- combined e_mpon_uts of the two
anis_ w_ch transmits the torque motor spin vectors _ be sub-
while maintaining the hermetic tractive to the vehicle angular
seal integrity. A mechanical rate vector and bring the vehicle "
linkage system connects the _ rate to sero. This action is
control handle to the respective accomplished without eross-
DPG for three axis control. This coupling to other vehicle axes
arrangement requires no power for as the two spin vector cc_onents
cc_anded turns and results in along the original spin axis are
vehicle rates which are proper- still equal and opposite, their
tional to handle positio_o Fur- sum thus remaining sero. If the
ther features of the DPG design initial vehicle rate _re so large
include electric caging solenoids that it causes the DPG wheels to
and desaturation switches to turn _ecess to their limits of _5 o,
on t_usters via the Jet select then the Jets are switched on to
logic when the momentum wheels reach further reduce vehicle rate. As

saturation, the ve._cle rate reaches se_o,
the Jet torque preceeses the gyros

The t_o gimbaled rotors are off their swlt_h and re-establishes
mounted so their spin vectors are _ntum exchange control.
coincident but o_positely oriented
in space. The glmbal axis of each C_ Turn by DPG
rotor is parallel to the other and
mechanica_ constrainedto rotate When a torque is applied to
oppositely. The third axis normal the gimbals of a DPG, the wheels
to both the spin axis and _he precess and add their spin vector
glmbal axis is designated as the components to the vehicle control
sensing and control axis. This axis. The conservation of momen-
arrange_t is illustrated in turn law requires the _otal system
Figures 13 and IA, which show how m_mentum to remain unchanged so
a DPG stabilisesa vehicle dis- the vehicle rotates opposltel_ to
turbance and how a n_nd torque the applied spin vector mcmentumo

cause rotation of the vehicle

V.3.9
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_,e amount of DPO momentum the RG electronics network; the

transferred is: network sums the connsnd signals
with the negative vehicle rate

HDpG = 2 _ sin 0 feedback signals of the rate gyros,
imposes a rate desdband to the

where: HG is rotor momentum resultant error signal and, when
the deadhand value is exceeded,

: @ is the gimbal angle of issues thruster-torque coMaamds

tilt (precession). to the jet logic. The thrusters

will fire until the ve_icle rate,

; The formnla for vehicle rate as indicated by the rate gyros,
is: essentially reaches the coznanded

magnitude. The vehicle rate per-
IVO_ v - 2 _ (sin O) = 0 sists until the command handle is

: returned to null; since the

_' where: ouy is vehicle rate colmnd signal is now zero, while

Iv is vehicle inertia the rate gyros produce a signal
in excess of the rate deadband,

and thus the electronics network initiates

2BG (sin O) opposite thruster-torque ccmaands.
LOy = • The thrusters will fire until the

_ehlcle vehicle rate is reduced to essen-
tial/y sero. Whenever the
signal is zero the electronics

Upon release of the cc_ network adds an attitude feedback

torque, the system autcmatical]_ loop to the rate feedback; this
re-exchanges mmment_a to restore is obt_s:lned by electronlcal_ inte-

the vehicle rate to zero. The grating the rate gyro out.is and
dynamics of the system are govern- applying a suitable deadband to

ed by pre-selection of the damping the resultant signal. This addi-
fluid viscosity as required for tional feedback reduces the drift

stability, of the vehicle thus providing
Improved "attitude hold".

RG and "Manual" Stabilisation Modes

; In the "manual" mode the

In the RG and "manual" stabili- cc_nand signals produced by the
sation modes the DPG units are caged handle pickoffs produce direct
in their zero degree gimbal posi- thruster-torque ccamands to the

tions: thus their net angular Jet select logic. The thrusters

momentum is zero and they do not will fire as long as the astro-
affect the i_:_formance in the other naut continues to issue the

modes. The rotational co_a_s are co_a_. In order to stop his
issued via the same control handle rotation the astronaut must

as that used in ccmm_ding the DPG,s. co.and opposing thruster-torques.
Although the DPG, s are caged, the Thus the task of maintaining his
coemmnd handle has sufficient free- attitude and nulling his rate is m,
dam of motion to actuate electrical transferred to the astronaut in

pickoffs which generate rotational the "manual" mode.
ccmaand signals which are propor-

tional to handle position. Propulsion Subsystem

In the RG mode these rotational The propulsion subsystem of
co, and signal_ are processed by the ASMU utilises gaseous oxygen

V.3.10
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propellant to a_ow safe operation de_e-of-freednm (DOF) control
within the orbital laboratory with- of the ASMU are produced by 16

out contamination of the controlled solenoid operated thrusters.

atmosphere. The subsystem, illus- These thrusters are arranged in
trated in Figure 15, c_n_ists of two sets, each set being supplied

two basic parts: (a) the inte- by a separate distribution sys-
grated propellant supply subsystem tea. _rAle for normal operating

which contains all high pressure mode all 16 thrusters are utilised,
elements and is removable via a c_ete 6 DOF control can be oh-

low pressure quick di;_connect inter- tained at somewhat degraded per-
face, and (b) the low pressure dis- for_ance in the backup mode with
tribution system which feeds 16 one set of thrusters deactivated.

solenoid operated thrusters and Each of the two distribution sys-

also provides _-o_ellant to the teas is controlled by an isolation
HHMU via a quick disconnect, solenoid- actuation of either

solenoids controls both the oxygen
Integrated Propella_t Supply System flow to the respective distribu-

tion system and the electrical
The Propellant S_.pp_y System power to the thruster solenoids

(PSS) consists of a spherical in- supplied by it.
conel pressure vessel for storing

gaseous axygen at 6000 psi. Of the 16 thrusters 8 produce

Housed within the neck of the vessel a ncEz4nal thrust of 2 potmds each, /
is a gas supply assembly which con- while 8 produce 1 pound each.
tains seven elements (including Fo, u" ef ._ch size are supplied
all high pressure elements): by each of the two distribution
pressure regulator, fill valve, systems. The large thrusters are
bleed valve, burst disc, check used to produce fore/aft, yaw and
valve pressure gauge and a ures- pitch accelerations, while the

sure transducer actuator. The smaller ones furnish up/down,
latter device engage_ a load cell transverse and roll accelerations.

in the ASMU backpack (whenever the Two of the large thrusters are
PSS is attached to the backpack) located in the end of each side-

permitting monitoring of remain- arm , while the remaining 12
ing propellant pressure without an thrusters are located in the

electrical backpack-to-PSS inter- backpack proper.
|

face.

: Mounted in the low pressure
The pressure regulato_TM reduces manifold are two check valves;

i the uxygen pressure to 165 psig these control the flow of supply
upstream of the disconnect fitting oxygen f_ the PSS and from the

i permitting safe exchange of the ASMU/orbital laboratory t_ili-
i PSS by an unassisted astronaut in cal for self-conta._ned and umbil-

i the orbital laboratory. The unique ical modes of operation respec-

_i quick disconnect mechanization pro- tively. The manifold also
i v_,.des interlocks to prevent acci- contains a pressure/temperature
j dental uncoupling of the PSS. transducer to provide flight data
: regarding propellant consumption.

Low Pressure System A relief valve located In the mani-

fold protects the low pressure

The translational acceleration system. A separate oxygen line
forces and the rotational acceler- is provided from one of the two
ation torques required for 6 distribution systems to furnish
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propellant to the H_ via a quick- Eleventh Annual Report to the

disconnect fitting. Aerospace Profession, the Society

of Experimental Test Pilots,
Electrical Power Subsystem Lancaster, California.

The electrical power subsystem

i of the ASMU, illustrated in Figure
_ 16, supplies the power demands of

the ASMU subsystem elements via

• two busses. One bus supplies all
the intermittent duty components

; from the battery of the ASMU. The

other bus supplies the continuous
duty elements (i.e., DPG motors,
care gyros, flight data subsystem).

,

: The latter bus draws its power from
! the battery of the ASMU when the

J unit is in a self-contained flight
mode; at other times the bus is

• supplied with power f_ the orbital

i laboratory via hardlines. Transfer

of the bus from/to AHMU battery
i power is automatic as a function

: of power being applied via the

hardlines. This arrangement con-

serves the ASMU battery power ,_hile
preventing the transient surge,s of

the intermittent duty components

frcn reflecting upon the power
supply of the laboratory.

The inverter utilised for

driving the DPG mmaentum wheels

is of a unique design resulting

in apprcxlmately 80% efficiency
during wheel runup as well as

during steady state wheel opera-
tion at synchronous speed.

The battery is rechargeable
while in the ASMU and can also be

readily removed for exchange.

Reulenishment by either method
can be accomplished within the
orbital laboratory.

REFERENCES

I. Sumnary of the Gemini Extra-

vehicular Activity, by Edwin E.
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_OICE CONTROLLER FOR ASTRONAUT I_ANEUVERING UNIT

M. B. Herscher and T. P. Kelley

Advanced Technology
Defense Electronic Products

Radio Corporation of America

Camden, r_ewJersey 08102

R. G. Clodfelter D.R. Petroski

Space Technology Branch Bionics Branch
Support Technology Division Electronic Technology Division

Air Force Aero Propulsion Laboratory Air Force Avionics Laboratory

S_RhRY: The requirement for an alternate to the hand

control of astronaut maneuvering units has been recog-
nized for some time. The objective of this program has

been to design and implement an experimental limited-

vocabulary speech recognition device for use as a voice
controller.

INTRODUCTIOX_ astronaut can assume command of the

_4U, if required, through the voice

For several years, the Air Force link. There are other advantages

has been developing and testing con- associated with using a voice con-
cepts for extravehicular space main- troller on the _24Uor with an RMU

i tenance and maneuvering. Although (Remote Maneuvering Unlt)_ however;

i efforts to date have achieved ini- the potential cargo transfer and
tial objectives, the typical astro- rescue pay-offs are sufficient to

naut maneuvering unit (AMU) requires support exploratory development of

the use of both hands for operation, a voice controller. It should be

, noted that it is not intended, at
Air Force irterest in utilizing this point in time, to replace or

a voice controller to command the eliminate hand controllers from the

_ was generated primarily from the AMU. Hand control could remain the

pay-off of hands-free operation in primary mode of control with the

cargo transfer operations. Voice voice controller used only during
control would enable the astronaut cargo transfer and rescue. It is

to use his hands to carry the cargo, also possible that the voice con-

The savings in the time associated troller could become the primary

° with, and the weight of, a cargo at- mode of control with a simplifie_
tachment device would more than off- hand controller as a back-up mode.
set the additional weight of the The operational approach is yet to

voice controller system which is pro- be determined by slm _lation studies

jected to weigh less than 5 pounds, using the experimental voice con-
, _nother advantage of the voice con- troller.

troller is associated with rescue.
The use of a voice controller

Once a voice controller is pro- with a maneuvering unit Was first

i vided on the A_J, a space station simulated on Bell Aerosystem Com-
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party'sVisual Simulation Facility unit can be constructed.
as part of the Dual Maneuvering Unit

(DMU) program (AF33(615)-3529). Although the experimental model
Simulation tests of the DMU in both controller is about the size of a

manned and remote modes of operations small suitcase, it incorporates de-
were conducted to evaluate perform- sign principles _,nich allow the

ance characteristics using a voice space unit to be less than lOO in3
controller to initiate and terminate in volume, weight less than 5 pounds,

i D_J translation and rotation corn- and consume less than i0 watts. The
mands. Performance in terms of fuel experimental unit will recognize the
expenditure did not differ in these activate word, "command", from con-

i limited initial tests from results tinuous speech and can be used with-
! obtained while using the standard out adjustment by three predeter-

! hand controllers. Simulation of the mined speakers. This voice con-
voice controller was most easily troller will be tested with both

; implemented by employing two opera- manned and unmanned maneuvering
J

j tors. Operator No. 1 represented the units by the Air Force Aero Propul-
; astronaut and Operator No. 2 repre- sion _boratory at WPAFB, Ohio.i

! sented the voice controller. _ssumi: g these tests are success-

i ful, several p_oblems associated
i These tests, together with LTV with operational deplo_ _ent of a

i Aerospace Corporation's d_nonstra- voice controller remain:
tion of the VOCON (VOice CONtroller),

established the feasibility of using i. The present voice controller

a voice controller with a maneuver- model will accommodate an Apollo-
ing unit. The effort described in size crew. What about a last-min-

this paper with RCA, under the spon- ute change of astronaut personnel?

sorship (Contract F33615-67-C-1960) Ideally, this problem could be
of the Air Force Avionics Laboratory solved by substituting a new recog-

and the Air Force Aero Propulsion nition card into the voice control-
Laboratory, was initiated to provide ler. A set of these inexpensive

an experi_.ental model of a _oice con- card_ could be prepared in advance
troller, for each probable astronaut.

The development of a successful 2. What about the background noise
voice controller for an astronaut envirorunent to which the voice con-

maneuvering unit requires a real- troller will be subjected? If the

time speech-recognition system that characteristics of the noise s_Id
can recognize a limited vocabulary the communic&tions _ystem are ac-

in continuous speech for a few curately known in advance and are
speakers with high accuracy and that reasonably invariant, this problem

can ultimately be constructed with could be handled.

a minimum of volume and _ight. The
weight and volume restricticns re- 3. _nat effect will the different

quire a speech-recognition system spacecraft an_ _pace suit atmos-
whose hardware is not so complex pheres have on voice recognition?

that the voice controller appldca- These problems were not studied

tion is impractical. On the other in detail during the development

hand, a crude recognition technique of the experimental voice control-
that has poor recognition and false ler, but they were considered.

response characteristics will be un- Although the specific recognition
satisfactory no matter how small the logic must be ch_ed to accommo-
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j date different at_ospheres, the ba- point to be noted here is that the
sic s#sten is satisfactory. De- resonant frequencies Fenerated are

tailed attention car.be deferred to constantly changing. The phonemes _

the development of the space quali- which are generated by the steady-
fled voice controller, state and transitional sounds often

exhibit differing acoustic charac-

The foll_ing sections describe teristics, depending upon the posi-

the approach to speech recognition tion of the phonemes within the

that has been developed by RCA and words. Approximately hO phonemes
used in the experimental voice con- constitute the basic sound_ of

troller, spoken English and are shown in

Table 1. The variances of phonemes
MACHI_;E RF_OONITI0;'JOF SPEECH resulting for contextual considera-

tions are called allophones. The
I_ recent years, the automatic rapid stringing together of pho-

recognition of speech by machine has nemes gives the resultant acoustic

been the coal of many investigators. 1 signal.

Past attempts to implement such a

system have had limited success The literature contains very
pri_arily due to the complexity of little work on the recognition of

the problem. Although speech is a continuous speech -- tha with

highly complex signal, it may be re- no pause between words or sounds.
garded as a sequence of articula- Obviously, a means of recognizing,

tory events. In order for a hmman in real time, a limited vocabulary
to completely recognize and compre- in continuous speech must be em-

hend speech, the incoming signals ployed in a practical _ voice

must be processed at many levels - controller. The results obtained I
e.g., at acoustic, linguistic, and in the recognition of isolated

semantic levels. The majority of speech cannot be extrapolated to
studies of the automatic recognition predict recognition scores for con-

of speech by machine have concentra- tinuous speech, because none of

:_ ted on recognition at the acoustic these techniques is suitable for
! level s_ace thi_ level has presented real_time recognition of continu-

the greatest obstacles, ous speech. The problems of recog-
nizing continuous speech require _

Acoustically, speech can be con- special considerations, in addi-

sidered as a succes_4on of spectral tion to those necessary for _he
steady states and transitions, recognition of i_olated speech.

These t'elations arise fr_n the pro-
perties of the human vocpl tract.

In speaking, different positions of

the tongue, lips, and j_ _ive the
vocal tract different shapes. Each

shape then gives rise to a distinct _Phoneme - the smallest unit of

frequency spectrum, m_d each change speech that, in any language, dis-

of shape gives rise to a spectral tinguishes one utterance from ano- I"
i transition. Vocal cord vibrations ther, such as /p/ in pin and /f/

give rise to voiced sounds, and in fin. (Diagonals / / enclosing
noise-like sounds are produced by a letter or letters indicate the

the movement of air across the ed&es phoneme represented and not the

of the teeth and by partial closure letter itself.)
of the vocal cords. The i_Dortant
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TABLE 1. ELEMENTARY SOUNDS (PHONEMES)
WHICH OCCUR IN ENGLIS:]

Phonetic Symbol Key Word Phonetic Symbol Key Word

1. Simple Vowels 4. Plosives

, I fit b bad
! i feet d dive

E let g give
bat p pot

A but t toy
e not k cat

b

._ law
U book

5. Nasal Consonant'_
u boot

i 3 bird m may

i n now
i _ singI
I

' 2. Complex Vowels
6. Fricatives

j e pai.__n
' o go z zero

aU hou.__se 5 vision

aI ice v very
oI boy _ t_t
iU few h hat

f fat

0 t_ting
: S shed
• 3. Semivowels and Liquids s sat

j you
w We

- 7. Affricatives
l late
r rate t$ church ,

d 3 judge
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it is an oversimplification to tion result,', that are accurate as

con_ider continuou_ speech as bein_ the quality of speech to be _malyzed.

co:iposed uerely of a sequence of sep- Three basic types nf features are

aratel_" produced sounds. It is ira.. used: broad class features, common

portant to be aware that, in contin- h-.sic features, and unique phoneme

uous speech, sounds can easily modi- feature.s. Priefly, broad class

_v surrounding sounds so that the features are relatively insensitive

wavefor_ of a sound produced in con- to localized noise and may be the

tinugus s_eech can differ markedly only info_aa_ion that can he pro-

fro_ th_ waveform of the s&ne zotmd vided under p_r cc_mLnication con-
oro;It'ced in isolation. Even for ditions. The c,az_on basic features

isolated words, many sounds are modi- are those which are common to very

lied by preceding and following similar phonemes, for example,

zounds. /f,s/, but which do not differenti-

ate between these phonemes.
There are mmny additional problems

in recognizing continuous speech. A detailed listing of the types

S_J.nds can be el__ninated, added, corn- of speech sounds found in each of

bined, or substituted for one ano- the class feature, common basic

ther. The stress and intonation of feature, and phoneme classes is

the speaker cause variations in shown in Fig. i. It should be

spoken words. Consequently, the very noted that some overlaps of vari-
uncontrolled nature of continuous ous s_/nds occur within a class.

speech produces many difficulties These overlaps primarily are a re-

when one attempts to automatically sult of the variability of those

recoFnize sounds strttug together with sounds found in continuous speech

no pauses between the sounds or words, from many speakers.

RCA Advanced Technolo_y's research

in soeech analysis proceeded from MACHIA_ RECOGNITION OF THE AMU-VOICE

studies 2, 3,4,5-,6of speech processing COI_OLLER VOCABULARY

in the htLman auditory system to the

development and design of a speech- For most limited-vocabulary ap-

recognition system utilizing a unique plications and, in particular, for

form of logic shown to be highly el- the A_-_ vocabulary (see Table 2),

ficient for pattern recognition, only the broad class features and

The processing technique employed in a few common basic features are

the speech-recognition studies has necessary for recognition. This

been n&med sLnalog-threshold logic simplification results from the

(ATL) because the element has an out- fact that, in the _ vocabulary,

out proportional to the algebraic no pair of words differs only by a

! s_m of its inputs once this s_m ex- single phoneme, so that no critical

i ceeds a threshold. Networks of ATL phoneme decisions are required.

ele'_ents can abstract both the _ Since both the class features and

senc_____eeand magnitude of significant common basic features can be ab-

steady-state and transient features stracted with greater accuracy than

from the speech signals. To facili- can be obtained from a phoneme-by-

tare machine recognition of sotunds phoneme decision process, it is

in continuous speech, a hierarchical neither necessary nor advantageous

i organization of feature-abstraction to utilize the phoneme decision for

networks is utilized which provides limited-vocabulary application. In

the capability of acoustic recogni- fact, because of the substitution

• V.4.5
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Fig. i. Hierarchical organization of feature-abstraction
networks.

I

TABLE 2. VOICE CONTROLL_{ VOCABULARY phenomenon (the speaker substitutes

one phoneme in a word in place of

CC_.£_J._D "lORDS the correct one such as /z/ for /s/),
the accuracy and reliability of the

i. Co,_nand 8. Hold recognition can be seriously deteri- ,

orated. Thus, the minimt_ possible
,: 2. Stop 9. Open processir,g should be used to provide
i the discrimination necessary to

3. Forward IO. Pitch separate the various words in a

limited vocabulary. On the other

4. Back ii. Yaw hand, under operational conditions,
the input to the voice controller

5. Right 12. Up is the same as the input to the nor-

: real communications channel, so that]

j 6. Left 13. Down AMU commands and normal conversa-
tion will be interspersed on the

7. Roll I_. Translate same channel. This commonality re-
quires that good discrimination be

P ovided against words in ordinary
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1971066602-375



co:_unications which are siuilar to the energy is rising with frequency

_h. /f_Jvocabulary in order that un- (+dE/dr). _be regions where cner_
acceotab!e false co_landin g o£ the is dec;easing with frec_lency (-dE/dr)

A"J be orevented. This probla_ is are called broad negative slopes.
soneuhat si:_plified by requiring The logarit_ of the analog value of

that a key :;ord, such as "co_and", the ener_y in a narrow portion of the
precede each legitimate command to spectrum (chsmmel) is referred to as

the A?J. Now only this key word log of l_cal spectral ener;_j.

,':ust be distinm_ished from all other

_:3rds _ha_ may occur. Thus, all ,o
words are ignored except the key '

- 4O-

vouaonized oni_ when preceded by the key *
I

word. _ _ q

[w_...-.*,.u-
In practice, the exn_er_acntal _ [I ! F'_'a "_

voi_e controller will have two modes _ ,o. i

of operation:functions will a "c_and" activatethe _ [|ll I I 1,I I I I,T ___ ,'_

T.ode mud a "fast" mode. In the "corn- _

;".and"activate m_de, all control _ _

be prefixed by J i
spoken uord "CO_land" follswed by o ,_ _ _ ,_ _ _ ,_
the desired function (e.g., "corn- F_O,_,,c_,(c/,)

msund,pitch up; command stop"). In

the "fast" mode, the prefix word
"cor_nand" is not used. In each of Fig. 2. Idealized characteristics

the nodes of operation, some corn- of the vowel sound in the
plex co,hands, such as "roll right", word "bed".

must be recognized by the voice con-
troller.

Followir_ the primary feature-
The feature-abstraction networks abstraction process described above,

employed in the _U votce control- it is necessary to combine these

!er abstract from the time varying abstracted features in sequence-
spectri_mof the input speech signal recognition logic, a differen fed-

features in the form of i) combina- ture sequence for each voice control-

tional and sequential logic arrange- ler vocabulary word. Fig. 3 shows
ments of what are referred to as the class feature sequences w_.ich

primary features, 2) analog ratios characterize each word in the voice

of the prinary features, and 3) controller vocabulary. As a speci- .

higher-order logic based on the re- fic example, the sequence logic for
sults of the first two types of the word "command" is shown in

featares. The AMU vocabulary is Fig. 4. An output from logic ele-
recognized with only three primary ment $6 indicates recognition of

features: broad positive slopes the word "command". Recognition of

(PSB), broad negative slopes (I_SB), the remainder of the vocabulary is

and log of local energy (EN). These obtained using similar sequence
features are further described by logic.
Fig. 2 which shows the spectral

ener_j distribution of 8.n idealized

vowel. Broad positive slopes are
t_bos_regions in the spectrum where

V.4.7
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AMU Vocabulary Word Class Feature Sequence

COMMAND Pause _ unvoiced stop _ front/middle vowel- vowel-like
consonant - front/middle vowel - vowel-like consonant

STOP Unvoiced fricative _ unvoiced stop _ middle/back

vowel _ voiced stop

FORWARD Unvoiced fricative _ complex m kldle/back vowel - vowel-

like co,_son_nt- back vowel -. voiced stop

BACK Voiced stop - front vowel - unvoiced stop

RIGHT Vowel-like consonant _ complex vowel _ unvoiced stop

LEFT Vowel-like consonant - front vowel _ unvoiced

fricative _ unvoiced stop

RGLL Vowel-like consonant _ complex vowel

HOLD Unvoiced fricative _ complex vowel _ voiced stop

J
j OPEN Complex vowel _ unvoiced stop _ unstressed vowel _ nasal1

! PITCH Unvoiced stop _ front vowel _ affricativeJ

! YAW Complex front vowel _ back vowel

I UP Middle vowel _ unvoiced stop

j DOWN Voiced stop _ complex vowel _ nasal

TRANSLATE Unvoiced stop _ vowel-like consonant - front/middle vowel
vowel-like consonant - unvoiced fricative _ vowel-like

consonant -. complex vowe! _ short pause

t

Fig. 3. Class feature sequences characterizing

i AHUvocabulary words. '
i
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UNSTRESSED
vOWEL

PAUSE +_ m c+oe n

VO VO VO VO VO

V/VL P P P P
VNLC VNLC VNLC VNLC

UVNLC UVNLC UVNLC

VO = VOICING ONLY

P • PAUSE CLASS FEATURE

VNLC • VOICED, NOISE- LIKE CONSONANT RESET INPUTS

UVNLC i UNVOICED_NOISE LIKE CONSONANT

V/VL _ VOWEL/vOWEL-L;KE

(A) COMMAND SEOUENCE RECOGNITION LOGIC

Y

I

SYMBOL FOR S(QUENCE NOTATION INDICATING X BEFORE Y

LOGIC RESPONDING TO X _THO_T THE OCCURLNCE OF I IN

BEFORE Y THE INTERVAL AFTER X AN D BEFOR( Y

(B) SYMBOL AND LOGICAL EQUNALENT OR SEQUENCE RECOGNITION ELEMENT

t

Fig. 4. Feature sequence logic for "command." Following tl, e feature-abstraction logic, it is necessary

to inclbde sequence-recognition logic for each word in the AMU vocabulary. The elements labeled Sn in the

sequence recognition logic shown above are cascaded to recognize the sequence of phonetic events com.

prising the word "command." The reset inputs are the class features which should not occur between the

two events in the sequence.

l

!

x
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THE VOICE CONTROLLER SYST_ serve as inputs to the processor.

In the processor, the time-varying
The previous sections have des- frequency features are combined to

cribed what functions are required achieve recognition of the speech
to recognize the voice controller elements required for the AMU vo-

vocabulary. This section describes cabulary. Also in the processor,

! the manner in which these functions these abstracted speech elements

are obtained, are combined in proper sequence to
give final word recognition. The

The block diagram of the basic final section, the display and in-

voice controller system is shown in terface, gives a positive indica-
FiE. 5. In very general terms, the tion of word recognition. The dis-

RECOGNITION
NETWORKS

I_EMULTIPLEX-

BROAO SLOPE i
STORAGE

I FULL-WAVE MULTIPLEXED .[
{ I RECTIFIERS BROAD SLOPE _ --L

li I a LOW-PASSFILTERS ABSTRACTOR I_ /

I BANDPASSF LTERS MULTIPLEXE"

J__L _L -.
: MICROPHONE I LOG

i £MPUFIER

I

I I

f ,,I i i

EOUALIZER I iLl' _ I ;I -- -- _ I I R"u-

|
1

DI:_-JLTI pLFX o

LO,;SNE.VI I

STC'RABE L i ---

PREPROCESSOR ;l_i)(::lE S$0 _ ,

: Fig. 5. Block diagram of A_J voice controller system.
! i

system functions in the following play function of course is not re-

manner. Speech is transduced from quired in operational use, but only
acoustical energy to electrical serves as a convenient method of

energy by the microphone. The fre- monitoring system performance.
quency spectrum of the speech input

is shaped ifi a gross fashion in the In more specific terms, the func-
equalizer. The preprocessor section tioning of the system is as follows:

which follows the equalizer performs The electrical output of the micro-

. a detailed analysis of the frequency- phone serves as the input to the
time content of the equalized speech equalizer. The equalizer is re-

signal. In particular, t'w-varying quired to flatten the irregular fre-

spectral shapes are abstracted and quency characteristics of th_ micro-

V.4.10
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phone and to provide preemphasis. On a shared-time basis, this multi-

The equalizer also provides an im- plexed broad slope abstractor derives
pedance match between the micro- gross (broad) measurements of the

phone and the filter bank as well first derivative (slope) of energy

as supplying the necessary voltage with respect to frequency and quan-

gain. From the equalizer, the sig- tizes this measurement into three

hal is fed into a bank o£ £ilter_: p_z_I^___ outputs ......-,_,_--,_.......indlc_-
Thin bank of filters includes i_ tions that a broad slope is or is not

law-Q bandpass filters which are present. This broad slope informa-

u3ed to separate the speech signal tlon is subsequently demultiplexed
into its time-varying spectral corn- and stored using only digital logic.
ponents. In order to facilitate In the second parallel chm_i eman-

measurements of the time-varying ating from the logarithmic amplifier
spectra, the outputs of the bandpass which contains the 15 log-energy

filters are individually rectified values in serial form, a sLmple but
and lowpass-filtered. (An addition- highly accurate demultiplex and

al full-wave rectifier and lowpass storage operation is performed. The
filter are used to process the final stored outputs from the two

speech waveform itself, resulting in parallel channels serve as inputs to
a total of ]34filtered channels and the recognition networks. It is in

one unfiltered channel at this point the recognition networks that the
in the system.) All 15 channels of elements of speech are finally recog-

speech data are multiplexed into one nized. This recognition is accomp-
c_mon logarithmic amplifier. A ]ished generally as follows: Products

logarithmic amplifier is used both and ratios of channel energies (and

to compress the dynamic range of the their time variations) for a specific

input signal to a range more manage- speech element are obtained by corn-
able for the recognition networks bining the outputs of the log energy

and to provide very desirable amp]i- storage networks in high-gain dif-

rude normalization of the input sig- feren_e circuits with thresholds.
nal. The amplitude norma/_iz_tion The gain of the circuit is suffici-

is accomplished by virtue of the fact ently high that the output is quan-
that the basic recognition operation tized, i.e., the output of the cir-

is a differencing operation. Taking cuit is a high level when the input
the difference between two logarithma- difference exceeds the threshold but

tized quantities is equivalent to oh- %he output is a low level when the

• taining the ratio of these quantities input differonce is below the thresh-

before the logarithmic operation. A old. These digital outputs are cem-
ratio of two quantities is naturally bined with the digital broad slope

invariant to simple amplitude changes information in various digitsl logic

such as those caused by a change in functions to result in final recogrd-
gain. tion of a speech element. Several

of these speech element recognitions

The speech signal is multiplexed are then combined in sequential digi-

into a single logari+_dc amplifier tal logic resulting in the recognl-
in order to circumvent _he impracti- tion of the desired word. Finally,

cality of matching i5 logarithmic indications that this recognition
amplifiers over a wide dynamic range, hac been accomplished is given on the

The logarithmic amplifier feeds two visual display
parallel branches. The first of

these parallel branches contains the The expe_imental voice controller

multiplexed broad slope abstractor, is built in a generally modular form

V.4.11
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with the module divisions shown in 5. Martin, T. B., Zadell, !4. J.,

Fig. 5, i.e., microphone, prepro- Cox, R. _., and _elson, A. L.,
cessor, processor and display. The "Recognition of Continuous

circuitry contained in both the pre- Speech by Feature Abstraction,"

processor and processor is built on AFAL-TR-66-189, May, 1966.

h-inch by 6-inch circuit boards,
which plug into two prefabricated 6. Martin, T. B., Zadell, H. J.,
standard 19-inch circuit card nests. Nelson, A. L., Schanne, J. F.,

; The circuits have been designed with "Continuous Speech Recognition
; the ultimate miniaturization and and Synthesis," AFAL-TR-67-210,

space qualification requirement in Oct., 1967.

mind so that, wherever practical, de-

signs which would preclude this mini-
_t aturization and space qualification

have been discarded.

, ACKNOWLEDGMFZT

A substantial part of the design

and experimental work on the _4U

voice controller was perfo_ued by

J. T. Martin and J. R. Barger, of

i RCA, Advanced Technology.
I

RE_IRE!ICES

1. Lindgren, !:.,"Aachine Recogni-

tion of Human Ls-ncuage, Part I -

Automatic Speech Recognition,"

IE_E Spectrum, ;4arch, 1965, pp.
114-136.

2. Martin, T. B., Putzrath, F. L.,

Talavage, J. J., "Speech-Pattern

Reco[nition by Simulated Neural
_;etworks," Parts I a_d II, Tech.

Doc. Report ASD-TDR-62-511, Dec°,
1962.

i

3. Martin, T. B., Nelson, A. L.,
?adell, H. J., "Speech Recogni-

tion by Feature-Abstraction Tech-

niques," Tech. Doc. Report AL-TDR-
64-176, August, 1964.

4. ilartin, T. B., Nelson, A. L.,
Zadell, H. J., "Speech Recogni-

tion by Feature-Abstraction Tech-

niques," AFAL-TE-65-317, Dec.,
1965.

V.4.12

hm

1971066602-381



UNMANNED RENDEZVOUS. STATION-KEEPING AND DOCKING
FOR EXTRAVEHICULAR SPACE ACTIVITIES

Dr. N.N. Purl. A.I. Lambert, andJ. F. Gido

General Electric Company
Space Systems Organization

King of Prussia, Pennsylvania

Summary: Rendezvous, station-keeping, and docking requirements are
ide_tlfied for a potentially important class of space mission, namely,
refurbishment of passive (i. e., noncooperating) satellites in synchronous
qrbit. An unmanned system for performing this mission (called ARMS
for Application of Remote Manipulators in Space) is described. Concepts,

techniques, and computer simulation results for closed-loop ..nmanned
rendezvous and station-keeping are presented. Soft docking and an-
choring with noncooperating satellites, using a remotely controlled
manipulator system, are discussed in terms of requirements for the
baseline missfon.

INTRODUCTION launches prohibitive, an unmanned

system which uses remotel:_ con-
The feasibility of performing trollable manipulators and has a

simple work tasks in space has been highly versatile w.._neuvering cap-
demonstrated by both man and re- ability could be employed. The
m_tely controlled machines. The successful operation of such a system
activities of the extravehicu]ar as- depends largely on the ability to
cronauts, the success of the Surveyor rendezvous and dock with passive
Moon-Digger program, and the re- (i. e., noncooperating) satellites, in

cently announced Russian achieve- addiqon, station-keeping, or stand-
me,its in effecting ground controlled off control will be a necessary
rendezvous anL_.docking provide capability for many applications.
credibility fc_ postulating highly so-

phisticated space tasks for both man It is the purpose of this paper to
and machine, preseDt a brief summary of the in-

house effort conducted by General
Analyses of certain space missions Electric Company in the areas of

_, have established the desirability of unmanned rendezvous, statior,,-

using man-equivalent systems for keeping and docking witk passive
performing extravehicular work tasks satelli_es. This work was done as

: o1_satellites previously placed in part of a broader activity, called
orbit. Where safety hazards exist or ARMS (for Application of Remote

where work of a routine naturt would Manipulators in Space), however the

make the cost of dedicated manned results are adaptable to many other
I
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designs and mission requirements, correspondence manipulators, func-
This paper deserioes the ARMS tionally similar to those on the slave,

system concept and a suitable mission are also provided. The master

for establishing rendezvous, station- operates these devices and the action
keeping and docking requirements, is duplicated by the remote slave
Preliminary designs for meeting manipulators. 1,2
these requirements are presented,

along w_th computer analysis results. The tender is essentially a
maneuverable spacecratt which pro-
vides three basic functions as

ARMS SYSTEM CONCEPT follows:

The ARMS system was conceived a. A communications relay
for the purpose of providing man's between the master _nd

ability to do work in space without slaves.
necessitating his presence directly at
the scene. Figure 1 shows the prin- b. A space station "home" for
cipal elements of the ARMS system, the slaves when they are not
These include a master station with in use.

human operators, one or more or-

biting "slaves, " a "tenJer" satellite c. Gross orbital changes beyond
and various work stations (satellites the capability of the slaves.
upon which work is to be performed).

' The concept of applying re-
The slave is essentially the motely controlled manipulator systems

mechanical counterpart of an un- of the type described has been sug-
tethered extravehicular man. It has gested for space work in the past.

i. a gimballed video camera suosystem, However, lack of development inl
I force feedback/position correspondence the field of bilateral electric mani-

manipulators, a highly versatile ma- pulators, notably for versions suitable
neuvering subsystem, plus necessary for use in space, has impeded the

, attitude control, communications, development of these systems.
]

, electrical power and thermal control Lately however, government and .
i subsystems. Figure 2 shows a university interest has inc_'e-sed and
!
t stylized conceptual configuration of encouragement to industry is being
i the slave vehicle, generated. 3, 4 It is believed that

increased interest and activity plus

The master station is located on a background of more than 20 years
the earth or in an orbiting space in development of manipulators for
station, The operator, working in hot labs, prosthetic devices and in-

a shirtsleeve enviro'_ment, has a dustrial mass transfer applications
head-aimed television system which will ultimately lead to operational
allows him to move the slave's video systems such as ARMS.
camera in a natural manner and

observe the space scene as the slave
"sees" it. Force feedback/position

V.5.2
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MISSION DESCRIPTION A stated goal for future satellites

AND REQUIREMENTS is long-life. Hpwever. achievement
of operational lifetimes of say. 5 to

Potential missions for an ARMS 10 years can Itad to a self-defeating
ssstem are probably as numerous and situalion caused primarily by pay-
varied as manned extravehicular load obsolescence. Thus. in-orbit

missions. Table 1 is a partial listing replacement of payloads (and ex-
of such applicable missions, pendibles replenishment, if required)

could transform a healthy but obsolete
Table 1. Partial Lizting of satellite into a new and effective

Applicable AP.MS Missions mission system at a significant cost
saving. Synchronous orbit missions

• Satellite refurbishment are selected beea, ze of (1) the

probable high population density in
• Refuel, resupply and repair this orbit regime in the post-1973

• Maintenance of manned and period (which significantly effects the
i unmanned observatories economic justification Jf the system)

(2) the low AV requirements for
• Salvage, retrieval and re-

multi-satellite servicing and (3) the
deployment of RTG fuel

reduced logistics burden on ground
capsules, payloads, solar

-_ arrays, etc. support and commufiications systems.

! • Assembly of large structures Figure 3 illustrates the role of

t',e ARMS system in the payload re-
; • Perform/support EVA and IVA furbishment mission. It is assumed

tasks on manned space stations
that the space elements (slaves and

, • Astronaut emergency rescue t_nder} have previously been placed
in orbit. Typically. the work station

,_ • Lunar and planetary exploration " -
(particular satellite to be refurbished}

' is one of several synchronous com-A refurbishment mission was
munications satellites that form a

selected for detailed investigation of network around the earth. "[',e
the ARMS concept because this mission mission scenario is as follows: an
could be readily planned, the nature of

; the manipulator tasks could be defined unexpected breakthrough in corn- ,
munications technology, occurring

rather precisely in terms of their
' capability, system requirements and after the satellite system had been

definition could be established, and the established, will obsolete the entire
network in about 2 years. It is,

economics of the mission concept therefore, decided that rather than
could be easily examined. The

replace the existing, functionally
specific refurbishment mission chosen
for investigation of rendezvous operational, satellites or live with an

obsolete system, a refurbishment
_ station-keeping and docking involves
; planned replacement of the mission program for replacing the outmoded

payloads of unmanned satellites in payloads would be initiated.

synchronous, circular, equatorial
orbit.
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The mission sequence begins station of up to 10 percent of the
with the launch of a modification kit nominal stand-off d;stanee is per-

on a small launch vehicle and its in- mitted. An additional requirement

jection into orbit in the vicinity of the is that the tender should be capable of
ARMS system. The modification being relocated, relative to the work
kit contains the new communications station, both in range and aspect.

payload and fuel f.)r replenishing both
the work station and the ARMS system. When the station-keeping mode

The modification kit may be equipped is ill operation, the slave departs
with rendezvous and docking aids (in from the tender and transports to the

the form of beacons, docking collars, work station those portions of the
etc.) but the work stations are assumed modification kit required for re-
to be not so equipped and are properly placing the mission payload and re-
termed passive, plenishing the fuel supply. Closure

to within a maximum of three feet.

At point(_) in Figure 3 the ARMS but not touching the work station, is
system is shown to have acquired the specified. The time to accomplish
modification kit and completed its this is not critical for the baseline
initial rendezvous. A slave has left mission, but may be important for
the tender, docked with the kit and is other missions. Thus. a nominal
about to return with it to the tender, closure time of 2-5 minutes from a
When the slave and kit are secured distance of 300 ft is indicated. The

i to the tender, the initial phase of the relative closing velocity at the

i mission is completed. The next phase, terminal point is critical however.
: shown at point(_), consists of ma- for docking to most work stations

neuvering ARMS plus the kit to the and is specified to be a maximum of
designated work station. This may 0.01 f_/sec within the rendezvous

involve an orbit plane change as distance of 3 ft.
shown in Figure 3 _exaggerated ior!
clarity) as well as a large orbit angle At the completion of the terminal "
change. Maneuver v.ccuracy required rendezvous phase, the slave's docking

}

for this phase of the mission is rather manipulators are extended and the
broad; a miss distance of a few "hands" grasp suitable anchoring
thousand feet is acceptable, points on the work station. Analysis

of typical large communications $

i The next phase is rendezvous to satellites indicate that the docking

stand-off distance. The ARMS system torques should be severely limited
' is maneuvered to a range of between (to less than 1.0 in. -lbin _ome cases)

200 and 500 feet from the work station to avoid damaging the delicate antenna
to set up the conditions illustrated at structures. It is noted that three

point(_. After the required stand-off docking manipulators are specified
distance is achieved, the tender for firmly supported the slave while

, must maintain both its range and the working manipulators perform
spatial relationship with the work their tasks.
station for _xtended periods (up to a

; few days, _.fnecessary). A range The final phase of this mission
variation between tender and work is the return to the tender. Again,
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care must be taken to avoid damaging WORK _,,

slaves dock with the tender and the

mission is completed.

GLqDANCE AND CONTROL STUDIES r_s/ //_

yrAnalytical guidance laws and
implementation methods for terminal

rendezvous and station-keeping are X_EARTH, S
presented in this section. These are CENTER
based on the ARMS system concept

and typical missior described above, Figure 4. Position Relationships
but may be readily applied to a broad
range of configurations and mission For the mission parameters
requirements. £ -:, ous work in the considered here, it is most reasonable
area of terminal rt,dezvous guidance to consider differential gravitational

has been primarily involved with effects as small disturbances. Thus
eliminating relative motion by arresting the resultant equations of motion are:

the line-of-sight rate and thrusting
along the relative range. In most d2fi-- = (1)
eases, throttleableenginesare assumed, dt2 m
The rendezvous guidance philosophies

and implementation schemes presented where: T = Slave's thrust capability
here, however, are based on constant

thrust engine ; having multistart m = Slave_s mass
capability. The unique operational
task of station-keeping has not been

Equation 1 is quite useful for
previously studied in detail comparable distances, R, of up to several

• with rendezvous, so that effective
thousand feet. but must be described

models for the station-keeping dynamics in terms of coordinates suitable for

i are not available. Two approaches guidance implementation. There--
for achieving station-keeping are
described here. fore, let _ be a unit vector in the

range direction (line-of-sight) so
that R = Rr, fi be a unit vector

normal to the range direction, and
i A. Terminal Rendezvous

define a third unit vector, _ = fix F,

to complete the coordinate set.
', I. Analytical Guidance Laws

i The equations of motion are developed If R is rotating with angular
_. velocity _ with respect to an inertial
i in terms most suitable for guidance frame, it is readily shown that:
i and control implementation. Figure 4
I shows the relative positions of the
I slave and work station.

|

I
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d2R - (R'-Rx 2 l_.:n)5 21"_2 n )_+(R_:n+2 If(Aa)maxeA_ and if Ko. +-- >R0.
dt

+(P_ x )fi Equation 4 reduces to:n I
9 2 -K(_t(2) R-x = R x e (6)

n o n
o

where the dot notation is used for where Ro is the initial relative range.
scalar derivatives, and ' is the initial line-of--sight

" n o

dR rate.
When ";n = 0. R ands. are aligned i

Then R2xn decays to zero with
and a collision course is assured, time eonstant _1__and -' 0. With

'_'nTherefore the variables of interest

are R (relative range) and -: (line-of- good ..' control (i. e...." _ 0) thus
n

sight rate). Combining Equ_ions I achieved. Equation 3 rec_uces to:
and 2 results in:

"iR= A r (7)2 ¥
"l_-Rw = (--)-r--A , (3)

n m r
and

R_ + 2 R_ _" b. One Engine Method
n n = (m)'__"AZ (4)

i The absence of radial thrust
! These are the general equations modifies Equation 3 to:

of motion for terminal rendezvous. 9
Two guidance laws are now considered. "l_- R.c - = 0 (8)n
The first is based on reducing '._ ton
zero so that Rwn 2 decays exponentially, It is now assumed that Act is

i T_o thrust engines (for Act and Ar) such as to bring a.'n to some constant
I are used. The second employs only value, x c, in a very short time.

one engine (for Act) to build o: to a Then Equation 3 is further modified to

value such that Rwn 2 reduces nthe R - Ro:2 = 0.. If a:c is chosen such
range R exponentially, that _c = -Ro Ro -1. it may be shown

that R (t) = Ro e- a:ct.
J

a. Two Engine Method Thus, R(t) and lk (t) decay, and
rendezvous ma3 be achieved. Th[s

This method is based on the may b._ obtained by the application of

application of a control thrust, Act. thrust Act given by:
such that: 9

A(_=2RWn- KctR(_n+ R) (9)
Az = - (5)n
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Substituting Equation 9 into The thrust on-time at level

E(luation 4 gives Ao,1 is:

n n R) (10) Ai =t e, if Kc_Ria,'n. 1

i lAi =t c Kott. a_ , if (12)1 n.
2. Thrust 1_rofiles l

A computation cycle, tc, is defined K_R.o; _ 6. 1 n. 1

such that information about range (R), l

range-rate (l_) and line-of-sight rate The thrust on time at level Ao, 2
(Xr_) is updated every tc seconds, is:

Within the time period t c. the appro-

fired for variable A. =t [ K 0,R. _z A -1 I
priatedurationsCngineSrangingarefrom0 to t c. l c l n.1 _2 , , if

Analyses have shown that line-of-sight [ [
control (Atrthrusting) should be done Ko.R.a_ A -1 > 5i n. ¢_2 2
with two thrust levels in order to t

achieve good control. Range control A. ---0, otherwise (13)l
(A r thrusting) can be adequately ef-

fected with a single thrust level. A a > A are the two thrust levels,
an_ ¢r2quantities 51 and 52 (less than
unity) are chosen from consideration

a. Two Engine Method of the minimum on-time of a thruster.

It is apparent that the smaller the

The line-of-sight control thrust computation cycle time t c, the more
profile is expressed as: accurate wiP. be the control.

A_ (t) = - (sgno_) A{y, for The range control thrust profilen.
is determined from consideration of

factors such as fuel consumption and
t.< t < (ti+ and1 Ai). time-to-rendezvous. If the rendezvous

,, (11) time, Tf, is specified and if a minimum

A_ (t) = 0, for fuel path is desired, the thrust profile
and resulting range versus range-rate

; (t i + A i) _ t < (t i + 1) profile solutions are shown in Figure5 (a) and (b), respectively.

: where: ti + 1 - ti = re, the computation In Figure 5 (a), the period T 1 i,-_"

: cycle time, and L_, the time for which equal to: ¢ .

I I R° (14)
a thrust A_ is appliedi =f°r the ith T 1 = _ (Tf-

i computation cycle, 1,2, 3,
)

..... i/2

i _
' f t[ J_ r m ] Arm l( o 2Arm
| *

l
]
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Ar r(t) ....

m-A r
m

_R _R

4X', o

7,o.Ar = T

2 3 A =c 1
: r "

Figure 5. Thrust and Range Versus Range-Rate Profiies for Two Engine Approach

Coasting period, T2, is equal to: by t.k Path 0-1-3-4. and consists of
! ap_' .rig ma::;rnum negative thrust

T2=T f 2T 1 I_ -1)- - o (Ar (15) until potn_ I _s re_ehed, such that
and m ti?

A -I _ K _I and I_1 are the
o r (16) 2R1 Ar m"T 3 T 1

+

m
position and velocity at point 1, and K

In practice it would be safer to (less than unitv) depends on the

i apply positive thrust earlier than at minimum on-time of the thruster.
point 2 (Figure 5 (b))such as at Thus the thrust profile is expressed

! arbitra.ry_ point 3. A thrust as

R3
, z

Ar- 2R 3 < Ar will effectre.r,- Ar(t} =-Arm, 0<t_ T 1,m

dezvous with the same amount of fuel (17)

: but will take longer to accomplish. A r (t) = 0 , T 1 < t _ T2 '

i The scheme proposed, however,
assumes that rendezvous time is not where: T1 is given by Equation 14 and

critical, and utilizes time modulation T2 is found from:
of the thrust-on period to obtain _,2 ,,,

< Arm with 63 Arm _ (18)equWalent thrust levels A r = 2 R(t)
con_3tant level thrust engines. This

method has the advantage that the If 63 is unity, the rendezvous
rendezvous point is approached with a time is Tf. For smaller values of
_maller acceleration, and hence, 53, the rendezvous time is larger
errors due to thrust level uncertainties than T From point 3 until rendezvousf.
are smaller. The approach is shown is achieved, the radial thrust profile

• is: _"

V.5.10

1971066602-391



If{AiAl-l['" < 54, then

, 1 5

ti < t _ (ti + Ai) and A. -- 0, otherwise (23)
(19) z

Ar (t) =0, for A I>A are the two thrust levels and

5 4 andS5 (constants less than unity)
(ti + Ai) < t _ (ti + 1) are chosen from consideration of

minimum on-time.

where: te =t. - t. and
+ 1 i Sensor limitationsgivea

A. = t --R. 2 (2R. A -l) minimum threshold region in the
1 C I I r

m R- 1_plane (see Figure 6) and it is
desirable to reach this region so
that when the thrusters are shut off,

both R and _{ are acceptably small.
The slave is given an initial vel city

Ro so that the starting polar is as

b. One Engine Method close to the rendezvous path as
possible.

, Implementation of the two-level l_

thrust A_ of the one engine scheme is as _ 57 t--as follows. Let !fi

A. =(2t_ i-Kcr co _Ko t kl Ri) n. _.. (20) --r- -'1
z l 56 ! I

Then ! I

f ' t " ""--
I o I

Aft(t) = (sgn Ai) A¢7 , for L -'m RENDEZVOUS

t < (t i + and (21) __e_THti _ Ai)

A{y(t) = 0, for Figure 6. One Engine
Rendezvous Profile

(ti + Ai) < t _(t i+1 )
3. Implementation

whe re:
A schematic view of the slave's

Ai = tc, if IAl I > A1 rendezvous guidance implementation
i concept is shown in Hgure 7. The

I A1 = tc IAi AI-I[, if translational thrust directions are
' computed from the rangefinder

•,]AiA1-1] > _tS" (22) tracker's gimbal angles and rates if
the slave is held inertially fixed.
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ELECTRONICS
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i

, Figure 7. Terminal Rendezvous Guidance Implementation
i
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The thrust engines can readily be distances involved for the A.tMS

vectored in the required directions mission are of the order of Several

by means of the working manipulators, hundred fe3t, solutions are presented
for the more general case of distances

If the slave's altitude is held of several hundred miles. Thus,

inertially fixed, the tracker's gimbal gravitational effects are not neglect3d;
angles _0, _/) geometrically locate the however second order perturbations

range vector _ with respect to the (higher order harmonics) are not con-
inertial frame. Furthermore the sidered significant.
angular velocity vector, _n" can be
expressed in terms of_ and {}, as The linearized equations of motion

w =(_2cos20 +02)1/2 (24) are given by:

n d2R 2 __3Rs-2 (RS R) Sand
dt2

fl=Sin-1 (_O), d > 0 (26) ,cO
n

or 2 -3
where: _ =# RSSin -1 CO_.__SO0=_ (sgn _) - (¢), e <0

o) n
# = GM = Gravitational Parameter

(25)
G = Universal Gravitational

where _ is the angle between _ and the Constant
O gimbal axis.

M = Mass of Force Center

The direction of _ can be located by a
A convenient coordinate system

rotation ¢ = (_ -_ abou_ the for bodies in circular orbits is shown
direction. The control thrusts Ar

and A¢.will automatically be applied in Figure 8. WORK / YI
in the correct directions if the slave's STATION /

working manipulators are slaved to Zi
the tracker's angles and the normal

thrust engines servoed to the angle _. _/ XI__ TENDER __
i B. Station-Keeping YI/ _

i, Station-keeping is the continuous _A

(or bounded) maintenance of the relative ZI

, position vector be._ween two bodies in RTH'S CENTER

space. Without station-keeping guid-ance, the gravity gradients between the
I xItwo bodies will cause drift, even thoughi

the orbital parameters appear almost Figure 8. Station-Keeping
i numerically identical. Although the Coordinate System
!
I

i
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In thiscoordinatesystem the A =- [K¢(E'- +K elequationsofmotion reduce to: E ES) _ '

"X-2 _ Y =A X IK¢(e'-_s)+K_ l> 58(30)and

"Y+2oeX-3c_2y=Ay (27) Ae =0, lEE (_'-ES)+K_ _1_58

"Z+ 2Z =_Z where: e' =e for[el < eS
TX Ty T Z

where: AX=--m Ay=_m ' AZ----m E' =e S(sgne), foriEI > eSand

where c =X,Y,Z and ¢s is a positiveThe selected thrust laws for
constant determined from maximum

station-keeping are given as:
allowable velocity. Quanti_y 58 is

AX = -K x (X-Xs) -K. X chosen from definitien of al'.Jwablex stand-off errors.

Ay = - _Ky 2) (y_ys} -% _ A second approach for development

A z = -K z (Z-Zs) - K_. Z (28) of station-' "-_ng guidance laws isbased on an - ,tical model of station-
keeping guidance conceived by means of

The various K's are chosen for the state-space theo,y of astrodynamics.
. stabilityand desiredresponse 5,6,7,8,9,I0,II Figure9 illustrates

characteristics,and X S,YS,ZS theapplicationofthismethod, involving

represent the station coordinates, the basic parameters RLS (relative
Utilization of Equations 27 and 28 range along the lone-of-sight) and X

[ results in a stable system which will (direction angle referred to the local
i acquire the work station from any horizor of the powered vehicle).
i reasonable set of initial conditions
J

to yield the steady-state results: V_T
LOCAL I v _

HORIZON ', _k / r`
X _--XS, X = 0 _ _ TARGET SATELLITEt /7

Y = YS' _ = 0 (29) °__

, z=z s, /.
In order to conserve fu_l. the //_ _ rZNDER

choice of a dead-band thrusting /_r P mZaT_.L
approach seems ideal (especially _..._,/_ j.._ _---aZrzazNCEL_Z
where precise station-keeping is not

FORCE

essential). Thus Equations 28 and cmrrzR
: 29 are modified to give:

Figure 9. Alternate Station-
Keeping Concept

£,
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Station keeping may be provided The times to rendezvous are 175, 71,
by the following guidance laws for and 31 seconds, respectively, for
two-dimensional motion in the orbital iLitial rates of 10, 20, and 30 ft/sec.
plane containing the target satellite For the same initial closing velocity,
_nd the power vehicle: the rendezvous time for the two-engine

scheme is smaller but fi_el consumption

_rF -- ]_ = acceleration applied is higher than for the one-engine
along radius RF, approach. Figures 12 and 1_ show the

(31) rendezvous paths in the orbital plane

--- 2_FD = acceleration containing the work station and ARMS
applied normal to system.
the radius and
in the orbital plane. Station-keeping results are shown l(32) in Figure 14, and indicate that the

d effect of cros._-axis coupling and
where: D =--_- (RLs sinx _ (33) gravity gradient differences are negligible

for the close-in (300 feet, nominal)

Sensed data consists of three standoff situation. The simulation

inputs: the relative range (RLS), the shows that a dead-b_Lr,d of 5 feet in each
axis is readily 9Jttainable. This is welllocal direction an_,le (_0 of the

relative range vector, and the inertial within the specified 10 percent error of
angular rate (_F) of the powered the nominal distance.
vehicle about the force center.

DOCKING WITI_ REMOTE
MANIPULATOR SYSTEMS

COMPUTER RESULTS
The advantage of a bilateral, or

Computer verifications of the "force-feedback," msater/slave mani-
proposed terminal rendezvous and pulator system is that it makes it
statit, n-keeping methot_s were .per- surprisingly easy to perform tasks from a
formed, remote location. The human cperator

functions entirely within h'.'s natural
frame of reference. .._urthermore, no

Figure 10(a) shows range versus
range-rate profiles for terminal complex controls are .equired in the
rendezvous using the two-thrust master s_ation sinc, the basic control .
engine approach. The initial range system is the operator's own natural
was assumed to be 300 feet, and sensory system. Thus master/slave
initial rates of 10, 20, and 30 ft/sec manipulators co,fld be very readily

were used. As shown in (b) of applied to meet the req2irements for
Figure 10, satis.factory rendezvous is docking and ancbo,'ing the slave vehicle
achieved. The times to rendezvous to the mission w,)rk station.
are 56, 43, and 26 seconds, respec-]

tively, for the initial rates of 10, 20, The fundamental capabllttieR for a
and 30 ft/sec. Similar results are docking/anchoring system to meet the

shown for the one-thrust engine rather severe mission requirements
: approach in Figures 11 (a) and 11 (b). implied earlier are listed in Table 2.
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Figure 10a. Two Engine Rendezvous
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i Figure 12. Two Engine Rendezvous-Range Versus Line of Sight Angle
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Figure 13. One Engine Rendezvous-Range Versus Line of Sight Angle

V.5.18

J I

1971066602-399



r

01  xYzAo
i I

:, t ! I

1 io._ : r

I- I

y 0.2 ; t i '

_" I i i i
tI_. . _ !

-0.2 : , ; .

.o., l I , t ! . ._
-f_ -4 0 4 8 12 15

I_'I_N ERROR iFT)

Figure 14. Station Keeping-Position Error Versus Velocity

Table 2. Required Capabilities The essential elements of the ARMS

for Docking/Anchoring system for docking and anchoring to
the work station are (1) a video system

• Visual observation of activity for steroscopic ranging and imaging,

• Precise control of remote (2) bilateral multi-joint electric mani-

positioning pulators, (3) an RF link for two-way
communications, and (4) a trained oper-

• Force feedback, or "feel" ator working under natural conditions.
An attitude sensing and control subsystem' • Suitable terminal devices for

handling is assumed.

• Compatibility with a wide variety Sensory feedback to the operator is
- of work station configurations essential to all remote operations. For

and constraints performing the task of docking in space
_ it appears that observation and force

A man-equivalent android, such reflection are sufficient sensory in-

as the ARMS system's slave, comes formation. Visual observation is $_k
quite close to being an optimum achieved utilizing the slave's dual TV
manipulation system for docking and camera system. Control is effected

anchoring, by having the master operator equipped
with a head harness so that as he moves

his head the slave gimbals faithfully follow!

!
i
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the motion. This has been physically the master to slow motion. In either
demonstrated to be quite natural and case, operator training and ability are

results in a realistic feeling of critical factors. Conclusions which
visual presence, may be made at this time are that

time-delayed manipulation is feasible

Once having achieved closure and that the use of feedback makes the
with the work station, the master task much easier to perform.
operator can now remotely attach
the docking manipulator3 to the
work station. Since the slave CONCLUSIONS

manipulators duplicate the motion
of the master, it is only necessary for An unmanned remote manipulator
the operator to, in effect, "reach out system (called ARMS) for doing useful
and grab." By virtue of the ability space work tasks has been described.
to observe and to feel the forces All aspects of this system are essentially

involved, the operator could effect state of the art, although some com-
a very gentle docking. By properly ponents, such as the slave manipulators,

setting the force feedback levels, are not presently available as qualified
the energy involved in the docking space hardware. The basic groundwork
"impact" could be smoothly absorbed has been laid, however, and it is be--

by the operator just as if he was lieved that an operational ARMS system /
directly involved. In addition, the of the type described could be flown
structural design of the docking w_.thin 4 or 5 years.
manipulators would be such as to!
assist in absorbing docking energy. A baseline mission for the ARMS
The terminal devices for docking system, one of many possible missions,
manipulators need not be significantly has been presented. This mission,
diff,_rent from those of the working refurbishment of ebsolete payloads
manipulators (i. e.. parallel jaw of synchronous orbit satellites, is
tongs), considered to be feasible and cost

effective. The baseline mission was

One facet of remote docking used to formulate requirements for
control which may be a potential unmanned rendezvous, station keeping,
problem is that of time-delay. The and docking, although the resulting
time--delay condition exists because of concepts and techniques are applicable
the spatial separation between .-he to a wide variety of mission and system
master and slave. Considerable requirements. Terminal rendezvous

study has been done, and is being and station keeping using closed-loop
continued, in determining suitable control techniques have been described

operating procedures. Two considering alternate approaches.

methods are receiving study empbasis. Preliminary results o_ computer
: These are (1) a "move and look" method simulations are encouraging and lead

in which the master performs his to the conclusion that the techniques
motions in discrete steps, observes can be demonstrated within the next

i the corresponding motion of the stave, few years. The unique feature is that
and then moves again, and (2) provide of utilizing constant-level thrust engines,
a high feedback gain which then limits but time modulating the thrust-on times
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in order to approximate the effect of 5-9. "Derivr'ion of Analytical Methods
throttleable engines, which give Rapid Convergence to the

Solution of Optimized Trajectories, "
Soft docking and anchoring to Final Summary, and Phases 1-3 Reports on

passive satellites have been described Contract NAS8-20360 (GE/MSD Reports
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motor ability to control a remote June 20, 1967.
docking/anchoring manipulator system.

The system provides visual and force 10. S.P. Altman, "The Hodographic
feedback information to the ground Theory of Newtonian Mechanics, " Recent
operator for ease of docking. The _ in Space Flight Mechanics,
problem of time-delayed operation is Volume 9, AAS Science and Technology
believed to be a minor one if proper Series, 1966.
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HANDS-FREE PRECISION CONTROL FOR EVA

Thomas L. Keller

Harry T. Breul

Research Department
Grumman Aircraft Engineering Corporation

Bethpage, New York 11714

SUMMARY: ' _nsive research into the use of the human

foot-balan__..g reflex for control of vehicles in the
one-g environment has led to an extrapolation of the
concept to its use for Extra Vehicular Activity (EVA),
the maneuvering of free-floating spacemen. An ex-

ploratory program in which zero-gravity was simulated
for three degrees of freed_ q in the horizontal plane
has proved the basic utility of the idea and provided
a model for th_ preliminary desi;- _f a prototype, EVA

control system.

BACKGROUND eral experiments with free-

flying platforms of various
The use of the human bal- sorts. There were, for ex-

ancing reflex for vehicular ample, the ducted-fan machine

control was publicly pro- of Hiller, 2 the stand-on
pounded by Charles Zilmnerman helicopter of DeLackner
of the NACA in the early (the "Aerocycle" tested by
1950' s. His central thesis Princeton University 3), and
was that the learned pattern several research-oriented

of reflexes used by a person devices built by the NACA.4, 5
in standing is essentially
the same as that required to Since that initial pc-

, balance a force-vector sup- riod of activity, engineer-
ported platform; and hence ing interest has waned,

should be directly applicable probably for lack of defini-
to the control of hovering tive information on optimum
type vehicles. This concept usage of the human balancing
and its simple but dramatic reflex, and the concept has
demonstration by Zimmerman I made only sporadic appearan-
piqued the imagination of a ces in one or another embodi-

great many aeronautical engi- ment; for example, the
neers and led shortly to sev- "lunar scooter" studied by

[fork supported in part by NASA Contract NAS 2-2595.
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: North American, 6 and the "Jet- orientation that neither en-

Shoes" developed by NASA - cumbers his hands nor re-
Langley.7, 8 Grunm._n Research, quires him to fight his un-

however, has maintained a yielding pressure suit.
constant enthusiasm for the Adaptation of the natural,
concept and has kept a small body-orienting responses of
but steady effort going in the feet and legs to the

", the study of its application modulation of appropriately
to various classes of vehicle located thrusters appears to

and its significance to the be a way to provide this
fundamental understanding of means reliably, cheaply, and
human vehicular control be- simply. The present docu-
havior. This work, partially ment describes some prelimi-
supported by the NASA, is de- nary work in this direction.
scribed in Refs. 9 through
12.

CHRONOLOGY OF

i A fairly extensive dis- THE DEVELOPMENT OF A SYSTEM _
cussion of the advantages and
potential applications of the The development of a
balancing-reflex concept is system for adapting natural,

i given in Ref. 9. Of the neuromuscular, body-orient-
items mentioned there, one of ing responses to the control

i the most timely is the appli- of body-orienting thrustersI
cation to propulsion and con- for spacemen is, almost by

! trol of the free-floating definition, exploratory and
spaceman, experimental in nature. The

particular problems and pit-

The difficulties encoun- falls likely to be encoun-
tered by a spaceman in at- tered cannot be predicted
tempting to do any signifi- and so the work must proceed
cant amount of useful work in a stepwise manner, each
outside his vehicle are by step directed by the experi-

now well documented; they ence obtained from the pre-
clearly stem from his inabil- ceding ones. The following
ity to establish and maintain discussion is a chronology
a required orientation of his of the steps that have led,
body with respect to a "tar- in the present case, to a
get" object without resorting workable EVA control con-

to the use of clumsy re- figuration.
straining devices, dexterity

preempting hand holds, and
debilitating body contor- Simulators

tions. Clearly, what the

spaceman needs is a reason- Many ways of simulating

, ably powerful and delicate zero-g have been used or
means of controlling his body suggested, but of course all

V.6.2

| J

1971066602-405



have drawbacks of one kind or .,,.a...._YAw

another. Water immersion, I

|

for example, produces large
viscous forces and is not

completely free of gravity
effects, cable suspension be-

comes involved with complica-
ted pendulum dynamics, and so
forth.

For the resources at _-_ _
hand, the most practical com- _¢N

promise with reality appeared Ro_
to be a three-degree-of-free-
dom simulation based on fric-

tionless motion in the hori-

zontal plane. The particular

_ combination of degrees of
freedom obtainable iz_a plane
(two translations and one ro-

tation) is reasonably defen-
sible for exploratory work in Fig. i The Rotational Axes
zero-g simulation. It does
provide a logical sort of tion. The special floor on

consistency, a representation which the scooter glides is
of the complete job of "get- made of epoxy plastic poured
ting around" in space (albeit over a concrete base, and is
_o-space rather than three), about 30 feet square, a more

or less arbitrary compromise
: Of the three possible between desirability, avail-
• configurations for planar mo- ability, and expense.

tion of the human body. the
one involving pitch rotation Although the scooter
(see Fig. i) appeared to be could have been adapted to

the most appropriate for ini- the standing position for
tial exploration. Thus the examining yaw, it was not

i simulaLor or "scooter," as it practical to do so. There-

came to be called, took the fore, a separate _aw simula-

i form of an articulated bed, tor, a simple rotary device,
-- carried by two levapad (air- was built for this purpose

bearing) supported tripods, (see Fig. 3). _-._
' upon which a person reclines. _
i Although designed primarily In all of the explora-
! to accommodate a man lying on tory _ork carried out to
I his side as shown in Fig. 2, date, the experimenters have

the devic_ be served as the primary flyers
can adapted

j readily to the supine posi- and evaluators. Numerous

;
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Fig. 2 _e Basic Scooter _ _ -.." e

others, including experienced -_.

pilots, however, have fl_n _ _ ,_. _the si_lators in various

control configurations, and _ ....... _
their impressions coincid6
generally with those ex-

_i pressed in the foll_ing sec-
., tions. No astronauts have as Fig. 3 Yaw Control

yet participated. Simulator

J
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The Original Control Con- Grunmmn research ph_losophy
figuration had established as a design

goal: natural _unoonscious),

The one-g, balancing- precise control of the body
reflex concept, in its most in space. An immediate and

elemental form_ amkes use of clear symptom of the problem
a single, supporting thruster was a complete absence of

which, with the aid of brav- any feeling of "balancing," _
ity, gives the flyer control in the automatic sense _hich

of five degrees of freedom, is typical of one-g jet- iJ
It i_ the very essence of platform flying. Conse-

: :,.leg_=:ntsimplicity. Thus it quently there was no deli-
is not _t all surprising that cacy of control. The rea-
extrapolation of the idea to sons for this (obv£ou,_ "n
zero- applications should retrospect) also became

center on basically the sa,_e quite clear. First, the
configuration. _Lis was in amount cf thrust needed for
fact the case for the initial fairly spirited maneuvers

effort at Grumman, and the was very small (less tban
idea still prevails in the five pounds)_ hence the sys-
NASA Jet-Sh_es work. 738 tem gain, i.e., angular ac-

celeration per degree of
ankle deflection, was ex-

tremely lows orders of mag-
nitude below the optimum for _"

one-g balanc.:ag (as estab-
lished by Ref. 9). Secc.nd.

o.

thrust was required only for
brief periods, hence pitch-

c_ot_ _ ing responses did not in-
exorably _ollow a_kle mo-

tions, a_ in the one-g jet
platform, and there could be
no sustained "feel" of the

system.

Besides the basic bal- ";

ancing proble_p demons+.rated
by the brief series of ex-

• periments with the jet-
piatform configuration, a

L more subtle diffi,'ulty begar_

! Unfortunately, the very to come to ligh_ The orig- _i,! *

I first simulator trials demon- inal thinking had been that,
!
I strated quite clearly that in the absence of gravity

J the simple configuration (combining vectorially with i'
: could not provide what the thrust for forward motion;

a
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"walking" mode), translations concerned themselves with
would be accomplished pri- the swimming-mode visual

marily in a "swimming" mode problem.
! (head or feet first), with

up-and-down thrust controlled
< by knee flexing. It began to Control Configurations Two

be apparent, however, that and Three
people have a natural inhibi-

i tion against traveling any Following such abject
! distance head-first or feet- but eye-opening failure of

first; a flyer insists that the simple concept to behave
_i he must be able to loo_.___kin in zero-g even vaguely ac-
i the direction of motion, and cording to objectives, a
, if he cannot, as when he is certain amount of back-I
I inside a space suit, he be- tracking seemed to be neces-
i comes not only apprehensive, sary, _"_%ethinking ha___dbeen
: but faulty _u his judgment of along the lines that the

direction and speed, simple jet, somewhat elabor-
ated, might serve the com-J

In light of the clear and plete control and propulsion
: inescapable conclusion re- function, as it does in

garding adherence to the one-g. It now appeared,
Grumman objectives, some com- however, that control of the
mentary on the apparent suc- various degrees of freedom
cess of the Jet-Shoes con- would have to be separated

cept 7,8 is in order. As far and, perforce, evaluated one
as can be determined, the at a time. Pitch control,

NASA personnel have adopted which is the most closely
a qui_e different, but associated with balancing,
equally valid, set of ground seemed to be the appropriate

; rules. They, too, appear to function to look at first,
have uncovered the same basic and the scooter was there-

problem early in their ex- fore reworked to provide for

perimentation, but they have a pair of crosswise (fore-
chosen to sacrifice the high and-aft) thrusters, located

degree of control finesse zn- near the feet, and con-
herent in natural balancing trolled, roughly propor-

in favor of the extreme sim- tionally, by a valve actu-
plicity of Jet-Shoes. Their ated mechanically by ankle
objective has become simply deflection. Photographs of
to provide the spaceman with the configuration are shown
a cheap and reasonably ef- in Fig. 4.

fective way of getting from
one place to another, not to The previous experi-
give him precision control ments had clearly brought
when he gets there. As far out the need for higher sys-
as is known, they have not tem gain, but just how high

V.6.6
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i for Configuration 2

i it should be was moot. For
, one-g flight Ref 9 had es-i
I tablished an optimum gain in
• the vicinity of .I g accel-

eration at the feet per de-

gree of ankle deflection, but
conceivably this value might

not be in any way related tol

i the requirement for zero-g
flights A simple side ex-

! periment using the research
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apparatus of Ref. Ii, suit- The lessons learned from

ably modified (Fig. 5), indi- the second configuration led
to trial of Configuration 3
in which the single force

was replaced by a couple,

, . ._ and the system gain was
quadrupled by increasing the

. thruster moment arm and al-
' " tering the control-valve

_'_j _ _ linkage. The results of
_ these changes, measured in

\ _ 4_m_ _ _ terms of prior experience.were spectacular; pitch atti-

_,_;_ tudecontrolbecameentirelynatural and effortless, per-
mitting angular displace-
ments to be made with pre-

: cision, and "tumble" recov-

Fig. 5 One-g Simulator as eries to be executed smartl_' Modified for "Zero-g"
i Trials Roll control, briefly inves-

tigated with the flyer ly!ng

cated that the .i g per de- on his back, looked equally

gree value was probably valid, good. Friction and dead
It turned out, however, that zone in the linkage, how-
achievement of this value on ever, had been increased by

the gain-changing altera-
the zero-g simulator, with-

tions, and the dramaticout the introduction of in-
elimination of other faults

ordinate amounts of friction
now caused these to stand

and backlash, was almost im-
out very clearly, especially

possible. Therefore acom- dead zone, which had never
promise value of about .01 g

really been encountered be-
per degree was set up. Re- fore in any of the one-g
suits were encouraging; a balancing experiments of
feeling of balancing, though Refs. 9 and ii. ,
weak, was now clearly evi-

: dent. But it was also evi-

dent that the gain was still The Fourth Control
far from satisfactory, and
that there was a maneuvering Configuration

problem in which the unbal- With the encouraging re-
anced forces produced by the suits achieved for pitch

thrusters during moderate to- control alone, it seemed ap-
tational maneuvers built up a propriate to turn attention
disconcerting spurious trans-
lation, to the two translational de-

grees of freedom: fore-and-

aft and up-and-down.

V.6.8
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There has been general certain forms of human be-

agreements dating back to the havior can be pointed to in
one-g jet platform work of its support, e.g., the ten-
Ref. 9, that "squatting" dency of a highly involved

might be an appropriate mech- observer of some action to
anism for control of up-and- "urge" an object toward a
down thrust. Here, upward desired goal by leaning.
acceleration would be the The latter arrangement, on alr
natural and expected response the other hand, is an exact

to extension of the legs, and _nalog of the clear-cut,
downward acceleration to re- vertical motion case, where

traction; the proper direc- the legs also propel the
tion of response is clear and torso in the desired direc-
unambiguous. There %s, how- tion.
ever, a question about how

the body deflection should be This philosophical con-
measured for transferr_l to a troversy is perhaps resolved
thruster control v_ive. The by considering that even in

simplest arrangement seemed the baby-walker case the mo-
to be to pick up knee flexing tion that jj_ an ac-
at the appropriate joint in tion is a lean in the de-
the simulator bed. sired direction. It is this _-

unconscious, precursor type
In an analogous fashion, of muscular response that

waist-bending appeared to be would be expected to provide
an appropriate mechanism for the most natural mechanism
the control of fore-and-aft for control of the body.

thrust, but in this case the For Configuration 4, then,
choice of direction of the the body-lean philosophy was

response depends strongly on adopted. Waist flexure,
one's point of view. If one measured between the thigh

thinks in terms of leaning and torso, was picked up for
the upper body (buttocks transferral to the air valve
fixed to the ground), then mechanism by a lever extend-

forward bending should pro- ing between the upper and
duce forward motion. But if lower halves of the simula-

i one adopts a "baby-walker" tot bed. A system gain of
point of view in which the about 1½ pounds of thrust

feet are fixed to the ground (or 1/300 g) per degree of
i and the torso is propelled body deflection was selected

back and forth by Che legs, for both translational con-
then backward bending (back- trol modes on the basis of
ward thrust of the legs) practical valve-linkage con-
should produce forward mo- siderations.

tion. The former arrangement
seems to have a more elemen- Simultaneous operation
tal psychological appeal, and of all three control modes

V.6.9
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_'=_==-__i_ this cross-coupling effect,
and it was interesting to

_ note that dead zone (detri-
mental in the prior experi-

____)i___ ments)now seemed to be hel_

' ful for reorientation after
!

a period of momentary con-

___ fusion, raising the question

i of whether some sort of
i tangible neutrals might be
-! c desirable.

It was quite clear that
pitch concrol remained good

I or perhaps even improved a

i bit when the flyer became
_ preoccupied with his trans-
J lational controls, which

i plainly demonstrated the
, value of "natural" neuro-

muscular mechanisms in this

: __ application.

became fairly successful Although very little m
after a little practice, but body motion could be seen,
a single, glaring deficiency the translational control
interfered with natural con- gains were judged to be far
trol. The manner of picking too low, even lower than the

off waist bending required rotational gain, and there
that thigh motion be reserved was a distinct feeling of

exclusively for fore-and-aft disharmony between the
control, thereby precluding modes.

the use of true squatting for
up-and-down control. Unfor-

tunately, pure knee flexing Configuration Five:

turned out to be a highly un- A Success
' natural substitute for squat-

ring; unless the flyer put Configuration 5might be
his mind to it, he invariably considered a kind of culmi-

squatted for up-and-down com- nation, because it represen-
mands, causing a most discon- ted for the first time, a

certing, concomitant, fore- truly workable system for
] and-aft response. An occa- spaceman maneuvering. On

sional tendency to become the simulator, tLte control

confused in the use of the valve linkage geometries had
translational controls can been modified to eliminate

probably be attributed to cross coupling between

V.6.10
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squatting and waist bending,
and provision had been made
for centering springs and de-

tents on all three controls. _ _,_Mechanical considerations did m

not permit any appreciable _!_ _._.)_
increase in the system gains _ _IO _

over those used in Configura- _2-/ _ _

tion 4, so the same questions ___z_

concerning gain and gain
harmony remained, but it
turned out that the elimina-
tion of translational control

cross coupling provided such
a dramatic increment in

naturalness that the gain
problem lost much of its im-

mediacy; the system, even (_,_

with its low, inharmonious . _
gains, became workable.

The scooter as shown in

Fig. 6 was fairly extensively

e

Fig. 6 The Scooter Arranged
for Proportional

! Control
Configuration 5

flown in simulated space task
maneuvers, and a number of

impressions about its fly-
. ability under various condi-

tions emerged:

!_ V.6.11
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i) All three modes of 2) Centering springs on
control (ankle deflection_ the controls are, in general,
squatting, and waist bending) beneficial; they make it

i can be handled quite nicely, easier for the flyer, es-
but with varying degrees of pecially the novice, to find

; apparent naturalness. The neutral Detents, in thei
i relatively low gains of the form of preloads on the

translational mcdes almost springs, are also useful. A
i certainly contribute to certain amount of care in the

! their lower quality, but selection of spring rates and
! there is a powerful experi- detent loads must be used,

I mental artifact that must however, lest the flyer's
! raise serious doubt about natural coordination of hip

any hasty judgment of con- and knee flexing in squatting
I trol naturalness. This has be upset and, more criti-
J to do with the u&_dof the cally, lest the subjective

control jets, which is loud, values of system gain be re-z

disconcerting, and often duced.

downright confusing. Be- -_]

! cause maneuvering is typi- It turns out, in this re-

J cally slow and deliberate, spect, that a flyer's inter-t
the motion cues (visual and pretation of gain seems to be

: proprioceptive) by which a based on some over-all feel-

flyer should operate, are ing of "effort" required to
weak and easily swamped by obtain a given response.

strong aur_l cue_. Unfor- Thus gain ought really to be
tuna,ely there is a very expressed in terms of "accel-
strong urge, especially in era, ion per unit of effort,"

i the novice, to try to use but it is not clear just how!

I the jet noise cues for fly- a flyer senses accelerations
ing. This can, in fact, be or how he defines "effort."

done for very simple maneu- Apparently, "effort" repre-
vers, but the sounds become sents some combination of

hopelessly confusing in tom- force and displacement, but
plex situations, and the just what combination is

• flyer who has begun to _ely quite unknown. Its mathe-

on them often finds himself matical describing function
in a panic, unable (momen- undoubtedly is one in which
tarily) to figure out what the relative contributions of

to do. It requires a strong force and displacement to the
effort of will for the nov- subjective impression of gain
ice to ignore the sound and change drastically with the

attend only to the proper spring rate, ranging from
signals. Once he has learned all-displacement at zero
to do this, however, his fly- spring rate to all-force at
ing becomes much more in- infinite spring rate. A de-
stincti_,e, termination of this function .

V.6.19.
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for the various control modes about the meaning of "effort"
could become the objective of in the operation of the con°

some interesting additional trol system. The expert's
experimentation, objection to the effort re-

quired _o manipulate the
Comparison of the flying springs appears to be based

characteristics of the not so much on muscular
scooter with and without cen- "laziness" --

tering springs is of some forces (a poun_ or two) are,
interest. It turns out that after all, far lower than

the novice is much more com- people handle rou=inely with-
fortable, and maneuvers more out complaint -- as on some

skillfully, with springs, sort of "control quickness"

but the experienced flyer factor; in other words, "el-
apparently does equally well fort" seems to refer more to
either way, and, in fact, if subtle difficulties with the
there is appreciable dead response characteristics of

zone in the control system, the system (including the
may actually prefer no neuromuscular part). If this

springs. Probably, as pre- is in fact the case, the gen-

viously discussed, this is eral study of gain previously
because the expert is able suggested becomes all the

to ignore the sound of small more intriguing, aud possibly
residual jet flows resulting quite important to the design
from his imprecision in of optimum systems.
neutralizing the valves.

Such flows, though of negli- 3) Control power levels
gible effect on maneuvering, required for useful maneuver. P

are quite audible, hence ing are remarkably low. Max-

difficult for the novice to imum thrusts and torques typ-
ignore, and likely to cause ically used on the scooter

him to go through a great (although more is available)
deal of unnecessary struggle a_e about 5 pounds and 15

to eliminate them° Thus he foot-pounds, respectively
prefers the springs, which which translate to about 2

permit him to shut off his pounds and 4 foot-pounds in
! jets completely simply by the real spaceflight situa-

relaxing° The expert, on tion, where the thrusters do
the other hand, tends to be not have to wove the consid-

i annoyed by the springs be- erable mass of the scooter.

cause they demand more el- Such low values are certainly
fort, particularly if there significant to the design of
is a large dead zone to be a practical system.
pushed through before the

_ _ jets come on. This line of On-Off Control

thought now returns closely There are two, potential,
to the previous discussion major advantages to the use

V.6.13
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of oil-off operation in the proportional control experi-
present application: ments were used, and the "of{'

thruster control may be sim- zones of the controls were

i pier, and fuel zp=cific im- made fairly large. The fly-
pulse may be greater. Thus ability of this arrangement
the flying qualities of on- turned out to be much be_ter

J off control systems are of than expected, but several
some importance to the over- deficiencies stood out quite
all picture, clearly. For one, the "off _'

zones were far too large,
The simulator was modi- giving a subjective impres-

fied for on-off control ex- sion resembling unduly low

perimentation by the addi- gain in the proportional sys-
tion of a solenoid-operated tem. Secondly, there was an
air valve behind each annoyingly large hysteresis

thruster nozzle, and short in the switching arrangement,

throw, low force, snap wh_¢%_ created the effect of

switches at each body motion requiring a positive effort
pickoff point. Nozzles of to shut off a thruster once

various diameters were pro- it had been turned on. Be-
vided for each thruster to cause of the flyer's neuro-

permit examination of the muscular time lag this put a
effect of thrust level, noticeable lower limit on the
Views of the scooter as it mini_mm duration of a thrust

was thus set up are shown in burst (perhaps ¼ second),

Fig. 7. resulting in constant over-
controlling and "limit-cycle"

type of behavior durin_ at-

_ . tempts at delicate maneuver-
...._ ing. And thirdly, i0½

_ -? pounds of thrust was _ch too
_ ___ high, clearly aggravating the

_2_/__ _ hysteresis problem and es-

qm" _ _P__m_ _ sentially precluding preci-L sion control. This thrust
level also caused a peculiar
dynamic instability, charac-

Fig. 7 The Scooter in Its terized by a high frequency
Final Configuration (2 cps), limit cycle type of

Initial trials of the oscillation in the waist-

on-off system used thrust bending mode whenever the
leve]s of i0½ pounds for flyer arched back against the
the translational modes, spring just to the edge of
and a torque level of 15 switch closure° This phe-

foot-pounds for the pitch nomenon was not particularly

mode. Centering springs debilitating because it oc-
and detents as in the curred only rarely and could

V.6.14
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be stopped by simply relax- ,.b,_
ing, but it does illustrate ,_^t_,c_c_=n_sT_cs

a potential problem with on- _k, _.. _,.,
off systems that could very o,z_. __ d._ ±_., ±_,_-
well dictate such factors as ,r,o._ ,.- ,- ,_

thruster location, centering _'_ _°_°" ± " _..-_.. t _s_..-,_ ± _o._..-_
spring sizes, and "off" zone _of,o_ff...._,._ __._b i,,°.,_ _,,.-_ ---_

_tent Torque ± 8 In.-Ib ± 30 In.-Ib NLI
minima.

Th_ster Effort ± 15 ft-lb ± 2_ lb ± 2_ lb

Following these experi- _"_oo._._. _'_°'"

ments, the "guilty" parame- _ of Inerti. 42Slu&-ft2_oocer & Pan

ters were readjusted to the
levels shown in Table I.

Flight with this configura- theless been shown to be

tion turned out to be re- practical.
markably good. Delicate

maneuvers could be made with Several subjective im-

precision, and the flying, pressions regarding the rela-
though done in a style no- rive behavior of on-off and

ticeably different from that proportional control systems
of the proportional control have evolved:
system, was quite natural.

i) The character of the

As in the proportional flying of the two systems is

control experimentation, clearly different. The pro-
configurations with and portional system seems to
without centering springs promote simultaneous operation ;I
behaved quite differently° of the various controls with
As before, springs benefit- a consequent feeling of con-

ted the novice more than the tinuity and smoothness during
; expert and called for reduc- complex maneuvers. On-off

tion of the dead zones (in controlling, on the other
this case the "off" zones), hand, seems to be done pri-

B_tt, unlike the proportional marily sequentially, so that
case, springs seemed to be maneuvering becomes a series
preferred by both expert and of discreet operations. (Of

' novice. A strong tendency course, the actual flight

toward limit-cycle type of path is smooth and essentially
operation without springs is as precise as that of the pro-

the probable explanation, portional system.) The feel-
ing of smooth continuity in

Although the basic con- proportional flying is par-
trol parameters (thrust, ticularly striking and pleas-

, "off" zone size, and control- ant i,m_.diately after transi-I

; centering strength) have ad- tion from an extended period
mittedly not been optimized, of practice in on-off controL

i on-off control has never-
m
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This may, however, result need to get a job done
as much from the character quickly may overbear economy

6f the jet sounds --which at some point. T_as the pa-
change from a cacaphony of rameters that govern fast
brain stabbing blasts to a maneuverability ought even-
modulated hissing _ as tually to be examined in de-

i from actual motien effects, tail. It is clear, here,
that control power is a

2) Fast maneuvering is strong parameter up to a
done more confidently with point, but that 5uman factors

the proportional system, such as ability to judge and
This undoubtedly stems from predict, and neuromuscular

: the availability of larger lags must enter the picture
thrusts that can be used as sooner or later.

i "safety margins" to compen-
sate for any misjudgments On balance, proportional
in speed. With the on-off control appears to be gen-
control only one level of erally better than on-off
"braking" is available and control, but not so much bet-
the flyer must therefore be ter th;.t some engineering
more skillful in his selec- consideration such as sim-

tic. of braking points, [iicity of thruster actua-

particularly if he is try- tionmight not _pecify the
ing to operate as smoothly use of an on-off system.

: as possible. Of course if
the maximum proportional
thrust were not larger than Yaw Control and the Current
the on-off value, this con- Design Thinking
clusion would be invalid,

i and in fact the proportional For some time the Grmmuan
flyer might have _ idea has been that body-twist

: trouble with fast maneuvers is the appropriate natural

if "running out of control motion for controlling yaw.

power" comes as a surprise. It could not be proved, how-
ever, until the recent com-

The whole question of pletion of the yaw control

: the desirability of fast simulator (Fig. 3). To use
maneuvering is complicated this device the pilot stands

by the fact that velocity on the platform and is
is equivalent to fuel in- strapped to the "T" bar.

creme?t, and it is there- Body-twist, which commands
fore desirable from the motor output torque, is mea-

economy standpoint to keep sured as the angular dis-
all motion as slow as pos- placement between the plat-
sible. On the other hand, form and the bar, and the
factors such as the limits motor drives either the

of human pa=ience or the pilot's feet (via the plat-
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form), or his body (via the --
metal bar).

t

Two important results _ 71f_-

were dramatically demonstra- _,_4_,_./__

ted during preliminary ex-
periments with this simmlato_

First, yaw control is just as

natural as pitch and roll con- _ k
trol. lal fact, the pilots s -----
who have "flown" the si_,la-

tor have not required any

learning. The other impor-
tant result is that driving

the feet provides the pilot Fig. 8 Design for EVA
with more natural force feed- Control System
back than driving the body,

and thereby results in a much ]ateral translation would be

more instinctive and precise nee;ed enly for close-in work
control. This result led to -,._ _,_all amounts, and

a brief reevaluation of pitch tne :.::ore could be adeq._tely
control on the scooters with effe :ted by use of a "backing
pitching torques applied to and filling" technique in-
the feet. Here again, apply- volving yaw and fore-and-aft
ing torques to the feet was control. This idea is ad-

found to be superior. The mittedly a speculation that
results of these preliminar 7 would have to be demonstra- l

experiments indicate that a ted, but in any case lateral
free floating spaceman's con- translation _ be added to
trol mechanism should apply the design at a certain cost

_ forces and torques directly in complexity.
_ to the feet and legs.

An interesting feature of
This philosophy has been the design shuwn is that all

applied to the preliminary thruster valving functions
design of a prototype flight are carried out in the corn-

system. An artist 's concep- pact mechanism between the

! tion of the system as it is feet, and that, essentially,
currently envisioned is shown the feet become the agents
in Fig. 8. It provides the for all control. This ar-

I five separate modes of con- rangemant, besides being ap-
trol that have been discussed{ pealingly simple, eliminates

! (pitch, roll, yaw, and fore- some of the control harmony
' and-aft and up-and-down problems that ensue from

translations). The rationale picking off body deflections

for excluding lateral transla- higher up.
tion is, basically, that

m
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QUESTIONS AND SPECULATIONS strate the si_altaneous use
of the three rotational con-

The experimentation car- trol modes.

ried out to date has proved
a basic concept, but there
remains a number of possibly Are Six Degrees of Control
crucial, unanswered ques- Freedom Necessary?
tions. Some speculative dis-
cussioa of these follows. This question can be

asked in connection with

ideas not only of human

Are More Than Three Degrees capacity, but of mechanical
of Control Freedom Practical? complexity. Under the as-

sumption ti'at complete con-
.= _ .o44-^1 _-^

This is the crucial ques- trol of rotation _= v-,.,_. ,._
tion, and it is not likely to the performance of space

• be answered with any finality tasks and is relatively easy
until a complete system can te accomplish, the question
be tried, either in flight or becomes, "Are three degrees

i in a complete-motion simula- of transla_ior_l control
; tor. There are some encour- freedom necessary?" At one

aging signs, however. For point during the experimen-
instance, there is the ration described in th_s re-

clearly demonstrated natural- port, the question was
hess of pitch, roll and yaw phrased, _u_.d, for in-
control alone in one-g and stance, control of vertical
"zero-g", and there is Zim- translation be successfully
merman' s demonstration that eliminated?" The answer

pitch and roll can be corn- turned out (not too unexpec-
bined without upsetting tedly) to be an unqualified
their instinctive operation. "No;" the mechanical process

These lead easily to the of "backing and filling," or
speculation that control of "tacking," (using pitch ro-
all rotations simultaneously tation), to effect a change
can be just as natural and in vertical position proved
instinctive as control of to be unacceptably clumsy. ,

one alone. If this can in- But it might be speculated

i deed be sh_._n, there is room that the same process using

for a good deal of optimism yaw rotation to effect a
that control of at least five _ translation might

degrees of freedom will be not be at all clumsy, because
little, if any, harder than yawing (as in body twisting)
the presently demonstrated is quick and easy, and re-
three. Thus it seems that quires little space. This

the crucial experiment for philosophy has, in fact, dom-
the near future must demon- inated the preliminary design

thinking to date. Definite

V.6.18
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proof of the concept must be For the stranding situa-

obtained, however, before any tion, one can think in terms
serious, detailed designing of a simple, emergency backup

of a prototype system can system (such as the present
proceed. "space gun"), or in terms of

retrieval of the stranded

spaceman by his buddy in the

Does a Space Suit Interfere? mother vehicle. A certain
amount of training in the use

One of the principal of a space gun could be re-

artifacts of space suit tech- quiredp however, since the
nology today is stiffness, spaceman might well be left

with a rotation to be gottenTherefore, any activity of a
rid of _efore he could at-

spaceman that requires ex-
tempt to return to his vehi-

tensive flexing of his body
mu_t be looked at askance, cleo

and it is only natural that
doubt should arise in this For the berserk-system

respect concerning a control case one thinks primarily of
system that requi_es flexing automatic and manual system
of the hips, knees, and cutoffs. A rotation cutoff
ankles. The present experi- would most likely have to be
mentation has shown, however, automatic, because _ery nasty
that the gains preferred in spin rates can be built up in
this system are so high that fairly short times. It should

there is very little visible be possible to devise some
sort of rotation sensingflexing of the body, even

during spirited maneuvering, mechanism, perhaps based on
The speculation here, there- centrifugal or Coriolis ef-

: fore, is that the foot and fects, which would respond to
leg control concept, far the emergency but not to or-
from beiag incompatible with dinary operations. Transla-

: space suit operation, is in tion cutoff could probably be
fact particularly appropriate done manually.
to it.

SUMMARY OF MAJOR CONCLUSIONS

' What About System Safety? I. _ne basic concept of

Two kinds of unwelcome precise, hands-free control _

system failures are conceiv- of spaceman maneuvering by 11.
able: one in which the sys- exploitation of instinctive

muscular responses of thetem dies, leaving the space-
man stranded, and one in feet and legs is practical.
which the system goes berserk.
Of course, the latter would 2. Accurate, natural con-

usually lead to the former, trol of gravity-free m_tion

V.6.19
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NASA PROGRAMS FOR ADVANCED

SPACE SUIT DEVELOPMF2_f

Elton M. Tucker

NASA Manned Spacecraft Center
i Houston, Texas

.[
SUMMARY: A space suit development philosophy has been formulated

through which a unified, coordinated NASA suit development program
will yield hardware design concepts capable of supporting any de-
sired mission involving orbital or lunar surface activities in either

an intravehicular (IVA) or extravehicular (EVA) mode.

These missions will require at least tb__eediffezent, distinct
space suit configoratlons, including: (a) an emergency, intrave-

hicular suit for use inside the orbiting spacecraft; (b) an EVA .
suit optimized for orbital use; sad (c) an EVA suit optimized to

meet the stringent demands of lunar surface exploration.

INTRODUCTION experience gained during the
Mercury and Gemini flights and

During the latter phases of from a review of space suit

the Gemini missions, adequate in- state-of-the-art technology to
flight operational data had been properly acco_nodate the dual

accumulated to permit a thorough requirements, it has been de-

analysis of the man/suit system, termined that future develop-
its strong points and its weak ment programs should consider

points, the use of special-purpose

suits, tailored specifically
This data, along with e'-_per- to the intended mission re-

ience gained in ground-based quirement; i.e., intravehicular,
simulations, and mission am_]y - orbital EVA, and/or surface

• sis, formed the basis for exploration.
establishment of the presenti
NASA space suit development Generally, comfort and low-

i philosophy, bulk characteristics desirable

for IVA use, are divergent re-
Up to and including the quirements from those associ-

Apollo program, primary con- ated low torque high range '

! sideration has been given to characteristics for optimized
! providing a single space suit mobility. For the Ge_rlui
Z which is configured to "accom- mission, the _rime considera-

i modate" the crewman for both the tion was given to providing a
I intravehicular and extravehicular suit capable of long-term tom-

! portions of the mission. From fortable, unpressurized wear.

i
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This concept required a suit INTRAVEHICUIAR (IV) SPACE SUIT

(Figure i) with minimum number

of 'hard" components which nor- Space suit systems for use

_lly result in body pressure specifically inside a spacecraft
points and discomfort. Hard may be desigr_ed to a signifi-

components, which are generally cantly different group of de-
associated with optimized velopment objectives than those

mobility and minimum torque used for EVA suits and combina-

frequently result in a comfort tion EVA/IV suits. The IV si_ce
compromise for long-duration, suit is intended to function

unpressurized wear. primarily as an item of survi-
val equipment for use during

A space suit development inflight emergencies. For this

philosophy has been formulated use the systcm must provide
through which a unified, coor- adequate unpr_ssurized co_ort
dinated development program will to permit a crewman at least

; yield hardware designs capable 8 hours continuous wear, while
i of supporting any desired mis- on an alert or standby status

,: sion involving orbital or lunar and while performing such
surface activities in either an critical maneuvers as lift-off,

intravehicular or extravehicular rendezvous, docking, and re-

, mode. These missions will re- entry.

' quire at least three different,
general space suit configurations General design objectives
which include: for IV suit development in-

clude the following: _

a. Intravehicular space suits
a. System should approach

b. Orbital EVA space suits shirt-sleeve mobility and com-

fort in unpressurized mode.

, c. Surface exploration space
suits b. Must be acceptable for 8

!

: ho_nrs continuous wear while on
|

Consistent with this space an alert or standby status.

suit development philosophy# the

NASA has established and is pre- c. System must provide

sently pursuing the development adequate mobility to permit

of a suit technology base in the proper control and operation
three mission categories. De- of a depressurized spacecraft

velopment attention is also under emergency conditions.
being devcted to ancillary

equipment requirements and needs, d. Suit must provide a
such as glove optimization, body habitable environment while
cooling techniques, closures, press_mized and operating at

etc. pressures up to 5.0 psig.

e. Suit design shall permit

VI.1.2
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intermittent donning and doffing In an __ffort to advance the

for completion of a mission of state-of-the-art in IV space

one year duration, suit design_ considerable _tten-
tion is presently being given

To meet the prime design to a mechanical pressurization

emphasis being peaced on suit space scit system. The _&ncept
reliability, comfort for long- (Figure 3) is one in which the

telnnwear, low weight, low bulk require,_ pressure loading is
and quick donning characteristics, applied to the surface of the

two intravehicular concepts are skin through _:.euse of a com-

presently being pursued, bination mechanical-pneumatic
system. The force application
is achieved through the use of

Full Pressure Suit System: inflatable tubes located against
the skin and by an outer, porous

As an extension of a concept restraint layer. Under normal
developed for the Gemini VII operating conditions within a

manned mission, developments are pressurized cabin, the tubes

in process for a light weight, are deflated and retracted away
low bulk, full pressure space from the body to provide a very

suit system. Using state-of-the- comfortable loose fitting con-

, art design and fabrication con- stant wear garment. During
cepts, an IV space suit (Figure deDressui'ized operation of the

2) is being configured which _._::._,:r_: _. the tubes are in-
makes maximum use of fabric or f!eted by gas supplied from the

soft suit design techniques an_ spacecraft ECS. Tne pressurized

eliminates, where feasible, hard- tubes fill the void ;._tween the
ware components. The torso from restraint garment ar_, the skin

: the groin line up to the shoulder and apply a mechanical force
&rea consists of a link net to the surface of t.. =.-in. The

restraint layer over a neoprene skin at this time __ as the

coated bladder layer. The I- gas barrier to contai_ _ody
and segments of the arms are fluids.

constructed using an outer c,:wr-

ing of high strength, high te_,_- Breathing @,s : :pplied
perature, nylon restraint fab_ ,_- to the crewman tb_-,' the use

over the coated bladder layer, of a full prez_ z- imet,

Elbow and knee mobility is ob- sealed from 4-._ •am by a
taine_ through the use of con- _l. s,ea:_. %r to provide

volutes and fabric break points, a oalanced s L .:_of forces

Shoulder mobility is obtained between the .!_ngs and the
through the use of the link net mechanical :_','_ex'nalforces, the

restraint/mobility layer, breathing air to the helmet and

the pressurization gas for the
inflation tubes are referenced

Mechanical Pressurization Suit to a common pressure source.
System:

V1.1.4
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Movab:e visor domehelmet

.'_1_,_. shoulder joint

-L-

'1_-_ •

L inknet _,, .o

_o',ded convolute joint

cover

sealing
slide closure

Fabric break points
i

Full pressure- =,V, suit configuration.

Figure2.

, VI. 1.5 '
i '

i i i i, i , i ii.n _

1971066602-430



VI.1.6

l , i I i

1971066602-431



er_ireiy ..e_, =here are __I_ -3Fez _f po:en=iai _ ...... _.
numerous "__kno',,T.sre!ati.'e to an crtital E-IA s!:_.ce suit, _ha_

!cyg-dura_ion use of the system, a suit with a ":ery refined

In particular, _he hazard of long- moo_-=...._y system will be a ffu'm
_,, 4. o •_ura_ ::.=:._posure of the body requirement Complicating the

surf_-e " _h_ vacu:_:, of spac_ is achie_,ement of _his goal will be

not _':_!y =:der rood as it re- a requiremen_ for mir._'m,_ stow-

lazes to zhe physic!ogy of the age voiJ_me consistent with the

r_n. use of spacecraft with very

!imir.ed pressurize _ st_age

space. In order to achieve m/m.-

0P$IT_L EVA SPACE SUIT imum sto%_ge volume, it is felt
that "soft" construction tech-

To date, all e_ravehicular n_cu=s will be necessary. Soft

activities have "_een performed systpm_ ";ill permit the suit to

under near es_th orbital ccndi- be folded baeS_ into itself in

tions. Much has been observed a flat pattern to facilitate

re!a_ive _o the performance stcr;age.

capabilities and limitations of

suits used for these missions. Several candidate systems

A review of potential flight are presently under development

plans for earth orbital EVA through sponsorship of various

operation indicates the need to Government agencies. Advanced

provide the capability for sup- suits under development by NASA

porting a number of different are full pressure fabric .--ystems

types of EVA m!ss-ons fr_u utilizing constant volume mobil-

_hose of the past. Some typical ity Joint design techniques.

types of operations "_'hichmay be The system showm_ in Fi_e 4 is

required include : representative of a general con-

figuration believed to be neces-

a. _abrication and erection sary _o meet the mission require-

of spaz_ s_ations ments. Specific features in-

clude :

b. Vehicle __nf!ight main-

tenance a. Constant volume convo-

• lutes located in knees, ankles:

c. Crewman rescue elbows, and between bearings in

shoulder and hip joints

d. Retrie_l of experimental

test panels b. Constant volume "stove

pipe" multiple bearing shoulder

e. Inspection, capture_ and and hip mobility joints

repair of orbiting satellites

e. A two-axis waist joint

f. Emergency vehicle transfer in assembly with a single plane

rigid waist disconnect.

Vl. ].7
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;houlder

rotary _1
bearings -

J
. J Single-plane

bodyseal
; closure
i

: I:joint
: (two axis)

-Thigh rotarybearings

Constantvolume
rolling
convolutejoints

J.

i

Figure4. - Evaconstantvolume-spacesuit.
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Devel(pmentE are also beir.g of hard structure space suit
pursued to provide a single-layer designs.
restraint bladder system. Recen_

tec_ology advancements in the Design goals for the surface

use of metal fabrics and metallic exploration space suit encompass
yarns provide optimistic hopes such general characteristics as:
for the system. The use of elas-

tomer impregnated metal fabrics a. Multiple don/doff capa-

and yarns may permit +he use of bility to accommodate large num-
entirely new techniques for bers of excursions.

attaching hardware items to the

gas bladder, harly developments b. Suit must be don/doffed
indicate the feasibility for by wearing crewman, unassisted.
welding hardware to the pressure

vessel, provi_iJ_g reduced weight c. Abrasion ......_-i_+_nt_ pres-
an_ improved reliability, sure vessel which will not de-

grade when in direct contact
with the abrasive lunar surface

SURFACE EXPLO[_TIgN SP_E SUIT during a fall or during kneeling
operations.

To accomno.date lcng-duration

lunar exploration EVA missions, a d. Body mobility system must

suit providing the maximum cape- approach that for nude range and

bilities in mobility, reliability, have ie_s than i.O foot-pound
impa_ct resistance, and service torque for each joint with

life must be provided. In that negligible spring back forces.
much of the exploration equipment

will possibly be delivered to the e. Items of high wear must

lanar surface, aboard unmanned be repairable during the mission.
equipment transport veh_zles,

increased weight and storage f. Stowage volume should be
volume can be tolerated, minimized.

£ The state-of-the-art in suit g. Suit should be capable !

design presently dictates the use of operating at pressures from
of a hard structure suit assembly 3.5 to 7.0 psig.

: for long-duration missions, lhe
$

: capability to produce an effec- To achieve these design

live, reliable mobility system for goals, two series of hard struc-

all segments of the body in combi- ture space suits are currently
nation with a high-impact resist- under NASA sponsored develop-
ance pressure vessel makes a hard ment.

structure space suit attractive

for multiple, excursion, long The AX series hard structure

duration exploration missions on space suit is a detailed study
the rough, abrasive lunar surface, in multiple bearing Joint tech-

Exceptionally long service life nology with primary emphasis on
is a demonstrated characteristic a requirement that the total

i
}
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suit system b,_produced withou_ _Tb,.esui% as designed appears
the us_ _f fabrics. _ne mob "'_'_'l_._ _o offer one of _he most durat!-

system consists entirely of rota- and effective mobility systems

=ing pseudoconic (stove pipe presently a_ilab!e for long

joints) and metal bellows, duration lunar surface expiora-
tion.

Considerable s_udy has been

made relative to s_ove pipe

i joints and techniques for opti-
mizing the location and orienta-

tion of the various bearing com-

ponents and associated hardware
items. Following fabrication

! and evaluation of the initial
suit AX-!, work has beam on

I design of the second generation
system.

_e RX series hard structure

space suit has reached the final

, phases of research and develop-

ment activities and is now con-
sidered to be flight qualifiable.

Should the system be progra_ned
for use in a manned mission,
there are a few desirable modifi-

cations which would be made.
These needs have been identified

and eval,ated during the suit

system design verification test-
Lug. The latest model RX-5

(._igure 5) utilizes several com-
binations of constant volume

joint mobility technologies.

Single axis rolling convo-
lutes are utilized in the knee

and elbow joints. _o axis

joints using rolling convolute
techniques are provided for the

waist and ankle joints. Multi-

directional joints for the
shoulder use rolling convolute

techniques and the hip joints

make use of the stove pipe

rotary bearing design concepts.
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ADVANCED PORTABLE LIFE SUPPORT CONCEPTS

Thomas W. Herrala and James G. Sutton

Advanced Systems Group
Hamilton Standard Division

United Aircraft Corporation
Windsor Locks, Connecticut

INTRODUCTION for future missions. As an indication of
present status, the Apollo Extravehicular

Manned space programs for the next Mobility Unit (EMU) is described and its
half century will likely be aimed at such intended applications discussed.
objectives as:

Candidate concepts for "next gener-
a. Development and establishment of ation" EVA life support systems are then

orbiting research and applications presented and trade-off studies conducted.
laboratories. Finally, conclusions are derived relating

to projected state-of-the-art advancements
b. Continued exploration and exploitation in future EVA life support systems.

of the moon following the initial

Apollo landing.
PRESEN_r gl'AT US

c. Manned exploration of one of the near
planets, probably Mars. The Gemini Program, through the

accumulation of 12 hours and 25 minutes

The complexity of such future manned of EVA, established the basic feasibility "-
space missions will make ever-increasing of extravehicular activity. While most of
demands upon the crewman and his equip- the Gemini EVA operations were success-
ment. In particular, the field of extrave- ful, limitations such as the inability to
hicular activity (EVA) will consist of many perform EVA tasks without the proper
diverse missions, each imposing its own body restraints, the mobility restrictions
unique set of requirements, imposed by the design of the space suit,

and the limited cooling capacity of life
EVA equipment, as presently defined, support systems using gaseous cooling,

t

: consists of the following systems: were identified.

' 1. Life Support System T_.e knowledge of EVA acquired through
_. the Gemini program has been incorporated

i 2. Suit System into the operational procedures and equip-
ment design of the Apollo program.

3. Maneuvering System Figure 1 is a schematic representation

; of the Apollo Extravehicular Mobility Unit

i _ This paper addresses itself primarily (EMU) which Is a functionally integrated
i to the performancv and operational char- system designed to allow the Apollo crew-
! acteristics of EVA life support systems men to perform such extravehicular activ-

L
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ities as exploring the lauar surface, ga- fill fitting, pressure regulator assembly,
thering samples for return to earth, and primary oxygen pressurc transducer and
emplacing scientific instruments on the oxygen flow sensor. The primary oxygen
lunar surface for gathering and trans- tank is a cylindrical stainless steel ves-
mitting information to earth, sel which operates at a nominal pressure

of 900 psia and contains 1.12 pounds of
The EMU life support system is corn- oxygen for metabolic consumption and a

priseC of the Portable Life Support nominal leakage of 200 scc/min from the
System (PLSS) and the Oxygen Purge EMU. The pressure regulator is a single-
System (OPS), shown in figures 2 and 3, stage device maintaining suit inlet pres-
which were designed and developed by sure at 3.85 ± 0. 15 psia. The primary

the Hamilton Standard Division of the pressure transducer provides a tele-
United Aircraft Corporation. metered signal of primary oxygen tank

pressure and the oxygen flow sensor pro-
The primary purpose of the PLSS is to ,_des a warning signal in the event of

condition and replenish the atmosphere excessive oxygen flow.
inside the space suit and to co01 the suited.

crewmen. The PLSS maintains space Gas circulation is provided by a centri-
suit inlet oxygen pressure at 3.85 ± 0.15 fugal fan which produces a constant venti-
psia and controls inlet gas temperature, lation flow of 6 cfm. The contaminant
carbon dioxide, odor, particulate cot, tam- control canister, whicl_ contains a filter,
ination, and moisture levels inside the three pounds of lithium hydroxide and five
suit, for average metabolic rates of ounces of activated charcoal, maintains
1,200 to 1,600 Btu/hr and short term acceptable carbon dioxide, odor and par-
peaks of up to 2,000 Btu/hr. In addition, ticulate contamination levels. The can-

the PLSS cools the suited crewman by ister is a radial flow device in which gas

supplying and circulating cool water is introduced to the center of the cylindri- -.
through a network of tubes built into the cal cartridge, flows first through the char-
space suit undergarment in such a way coal, then through the lithium hydroxide
that the tubing comes into contact with and last through the filter material and J
the skin. The skin i, cooled by direct is collected at the periphery.
conduction, and the mean skin tempera-

ture is lowered to a level where little, if Thermal control is maintained by a
any, perspiration occurs, porous plate sublimator. Water is sup-

plied to the sublimator at 3.7 psia from

i Each of the two PLSS unRs carried to a water reservoir. The water enters the .
: the lunar surface is rechargeable from sublimator between the surfaces to be
: spacecraftsuppliesto allowmultipleex- cooledand theporous nickelplates.The

cursions. The PLSS is designedto oper- othersideofthe porous platesare ex-
, Bte for periods of up to four hours with- posed to ambient space vac um conditions.

out recharging, with three hours for The water flows into the pores in the
nominal missions and one hour reserved porous plates, is exposed to the vacuum,
for contingency operations, and freezes when the vapor pressure ap-

, proachesthetriplepoint. Heat isthen

The high pressureoxygensubsystem rejectedby sublimationoftheicedirectly
consistsofa primary oxygentank, oxygen to space.
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Moisture collected by the ventilation j. Feedwater pressure
stream is condensed on the gas side of
the porous plate sublimator As the k. PGA inlet CO2 partial pressure
condensate leaTes the sublimator, it

passes through an elbow which throws 1. EKG
the droplets against the duct walls. As
the conde,_sate flows along the duct Two-way communication between two
wall, it is trapped by a wick-type water astronauts on the hmar surface, between

separator and collected, one astronaut on the mnar surface and --
one in the lunar module, and temmetry

The prime mover for the liquid trans- of critical parameters is provided by the
port loop is a positive displacement dia- PLSS Extravebicular Communication

phragm pump which circulates a constant System (EVCS). The PLSS power supply
flow of 4 lbs/min. Comfort control is is a silver-zinc battery consisting of

accomplished with a sublimator bypass eleven cells in series. Battery capacity
loop and a manual diverter valve. The is 240 watt-hours with a nominal term-
diverter valve allows the suited crev_nen inal voltage of 16. 8 volts. The PLSS
to select one of three inlet water temper- weighs 78 po',mds and has a volume of
•ture settings, according to the amount 5,300 cubic inches.
of effort he is expending.

The Remote Control Unit (RCU) is chest-
The PLSS contains numerous sensors mounted to provide adequate astronaut ac-

and transducers to monitor PLSS perfor- cessibility and visibility. The RCU con- i
mance and status of the suited cr_wman, tains all PISS electrical controls and dis- ' _-

The following parameters are monitored plays. The RCU weighs 4 pounds and has
and te!emetered: a volume of 60 cubic inches.

a. Primary oxygen pressure The Oxygen Purge System (OPS} is an
emergency system designed to provide

,!
b. Pressure garment assembly (PGA) backup protection for the suited crewman

.pressure in the event of a PLSS functional failure
or for crew transfer in the event of a lunar

c. Liquid cooling garment (LCG} inlet module docking failure. The OPS is an
i water temperature open loop flush flow sy _tem which provides

30 minutes of oxygen at a flow rate of 8
i d. LCG differential temperature pou:_ds/hour to the crewman's helmet. •

i This flow rate provides sufficient oxygen
e. Battery current drain for breathing, respiratory product wash-

i out, visor defogging and EMU external
f. Battery terminal voltage leakage.

I
! g. PGA ventilation flow The OPS consists oI tw_ spherical tanks
= which hold a total of 4 po,_ads of useable .,--_

; h. Primary oxygen flow axygen at 5,880 psi, a single-stage pros-
' , sure regulator which mslntains suit inlet

i. Sublimator gas outlet temper,,ture pressure at 3.7 _ 0.3 osi, P heater to
: _ maintain suit inlet oxygen temperature

_125
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between 30 and 80_F, a temperature sen- c. Ventilat:on flow 7 cfm
: sor connected to an automatic heater

controller, and a silver-zinc battery to d. Suit inlet vent flow 55 U to 85_F
pz ovide power, temp

The OPS weighs 40 pounds and has a e. Suit inlet dewpoi_.t 50° F max
volume of 1,400 cubic inches. For normal
use, it is mounted on top of the PLSS; f. EVA system external 200 scc/min

when being used independently, for vehicle leakage

transfer, it is worn as a chestpack by the g. Metabolic expenditure 400 - 3,500 Btu/
crewman, range hr

+ In summary, the Apollo EMU PLSS h. Average metabolic 2,000 Btu/hr
pro_"ides oxygen supply and pressuriza- rate

tion, thermal control, humidity control,
contaminant control, and communications i. EVA equipment 1,000 Btu/hr

j and telemetry for EVA missions up to thermal load
+ four hours in duration. The OPS provides
+ emergency oxygen supply and pressur- j. Environmental heat 250 Btu/hr

ization for periods up to thirty minutes, leak in
While future EVA life support systems
mast still supply these basic functions, k. Environmental heat 350 Btu/hr
future mission requirements will demand leak out

that these life support systems be less

encumbering, require less vehicle stor- Although there are many combinations
age volume and weight as the number of of processes and components that would
EVA missions increase, and permit satisfy the performance requirements

i increased operational flexibility in outlined above, we have selected for con-
planning and performing EVA missions, sideration in the trade studies only those

"' appropriate for "next get,eration" EVA
life support systems.

FUTURE LIFE SUPPORT SYSTEMS

The three life support subsystems that
The well being of the suited crewman have the greatest impact on the EVA

and the success of the mission will depend equipment requirements and vehicle con-
to a large extent upon the ability of the life straints are the thermal control, oxygen
support system to maintain a _redefined supply, and carbon dioxide control sub-
environment throughout the EVA mission, systems. Therefoze, each of these areas

Performance requirements for next gen- will be discussed in detail. Concepts
eration EVA life support systems are within each of the areas will be compared,
projected as follows: considering both life support system and

space vehicle parameters ; the resultant

a. Suit pressure 3.7 - 5. 0 psia curves of subsystem equivalent weight
and volume versus EVA mission duration

b. Suit inlet CO2 4.0 mm Hg max and vehicle launch weight and volume
partial pressure penalties versus number of EVA mis-

sions are presented at the conclusion of

VI.2.6
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each srbsystem discussion. In addition :'apor then passes through an expansion
to future concepts for life support sub- valve and i5 condensed. As in the pre-
systems, present technology items are vious system, comfort control is accom-
identified for reference and to indicate plished with a bypass loop and a manual
wssible improvements, temperature control vah'e.

The radiator itself is physically a sep-
Thermal Control state component from "'-L,_-t-emain:ler of

the life support system. It is deployed
Figure 4 shows schematically three at the EVA worksite by ,he suited crew-

candidate thermal control subsystems, man and is connected to the life support
Figure 4A shows a subsystem very £imi- system by umbilicals. It is easily trans-
lar to the existing Apollo EMU PISS ther- portable and may even be carried to and

mal control subsystem. The crewmm,', is from the work site by the crewman prior
cooled by st, ppl_._lg and circulating coo'. to and after each EVA mission.
water through a liquid cooling garment
which is in direct contact with the crew- Figure 4C shows a system employing

man's skin. Thus the skin is cooled by forced evaporative cooling within a water
direct conduction. The coolant is circu- vapor permeable suit. Expendable water

lated by a positive displacement pump is fed into a cooling garment composed of
which is powered by a lithium halide bat- a network of wicking material. The crew-
tery. Heat is rejected to vacuum by a man's metabolic heat producHon forces

porous plate sublimator. Expendable wa- evaporation of the water in the wicking
ter is stored in a water reservoir and material which is then evacuated to vac-

supplied to the sublimator by back pres- uum through the water vapor permeable
suring the bladder in the water reservoir, suit. Expendable water is stored in a

Comfort control is accomplished with a water reservoir and supplied to the wick-

sublimator bypass loop and a manual tern- ing material by back pressuring the blad-
perature control valve. The temperature der in the water reservoir.

" control valve permits the crewman to se-
lect any desired temperature setting (with- Trade-off studies for thermal control
in a predetermined range), according to subsystems equivalent weight and volume
the amount of effort he is expending, versus mission duration, and vehicle

weight and volume penalty versus number
Figure 4B shows a heat pump/deployed of EVA missions are shown in figures 5

radiator system which utilizes the crew- and 6 respectively.
man as an evaporator. A coolant (such

, as Freo.: F-113) is circulated through a

cooling garment which is in direct con- 02 Supp_y/CO_ Control
tact with the crewman's skin. The crew-
man's metabolic heat production is re- Due to the dual nature of some of the
moved by forced evaporation of the cool- candidate subsystems, O2 supply and CO2
ant. The vapor ":s then compressed by a control subsystems have been combined

high-speed centrifugal compressor which for joint evaluation. Candidate 02 Supply/
is powered by a lithium-halide battery. CO2 control subsystems are shown schem-J
The hot vaper passes through a radiator atically in figure 7. Figure 7A depicts a
which rejects heat to deep space. The subsystem similar in concept to the exist-

!
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ing Apollo EMU PLSS 02 supply/CO2 con- changer where the water vapor is condens-
trol subsystem. Gaseous oxygen is stored ed and separated. The separated water
at 10,000 usi and pressure regulation is is fedinto the thermal control subsystem
accomplished by a single-stage pressure and the oxygen is supplied to the suited
regulator which maintains suit inlet pres- crewman. Pressure regulation is accom-
sure within a predetermined range. Suit plished by bleedoff of the excess oxygen
ventilation flow is introduced into a con- generated.

taminant control canister containing

lithium hydroxide. Carbon dioxide is The final 02 supply/CO2 control subsys-
absorbed by the lithium hydroxide thus tem concept is shown in figure 7E. Gaseous
maintaining acceptable CO2 partial pres- oxygen is stored at 10,000 psi and pressure
sure levels, regulation is accomplished by a single-

stage pressure regulator. C02 control is
An all-chemical 02 supply/CO2 control maintained by a molecula: sieve which

subsystem is shown schematically in fig- utilizes a regenerable solid adsorbent.
ure 7B. Suit ventilation flow is intro- Suit ventilation flow is introduced into 1he

duced into a canister containing lithium desiccant beJ where water vapor is re-
peroxide. The carbon dioxide and water moved by adzvrption. Flow continues into

vapor react with the lithium peroxide bed the CO 2 a_qz: m*ien bed and adsorption con-
resulting in the absorption of the CO2 and tinues un_; the *_d is saturated (a pre-
the generation of gaseous oxygen. Pres- determined time). At this time, automatic
sure regulation is accomplished by bleed- valving isolate_ the saturated beds from

oft" of the excess oxygen produced, thus the process stream. The saturated beds
maintaining suit pressure within a speci- are then exposed to vacuum resulting in
fled range, desorption of the water vapor from the

desiccant bed and CO2 from the CO2
Figure 7C shows a subsystem utilizing adsorbent bed. At the completion of the

LiOH for ('02 control and sodium chlorate desorption cycles, the automatic valving
candies for O2 supply. CO2 control is returns the beds to an "on line" condition

. maintained in the same manner as des- and the cycle is repeated.
cribed for the LiOH/gaseous 02 subsystem

(figure 7A). Sodium chlorate candles are Two operating sets of beds are provided
a high density solid oxygen source which so that continuous removal of CO2 occurs.
provides gaseous oxygen by initial ignition The adsorption cycle is equal to the desorp-
and a controlled burn rate. Pressure reg- tion cycle. After completion of each EVA
ulation is accomplished by bleedoff of the mission, the molecule-- sieve is also de-
excess oxygen generated, sorbed thermally.

Figure 7D depicts a subsystem utilizing Trade-off studies for O2 supply/CO 2
LiOH for CO2 control and hydrogen perox- control subsystems equivalent weight and

ide for O2 supply. CO2 control is main- volume versus mission duration, and re-
tained as described previously. Hydrogen hicle weight and volume penal_, versus
peroxide is stored in a storage tank in li- number of EVA missions are shown in
quid form. H202 is supplied to a chamber figures 8 and 9 respectively.

' where it is catalytically decomposed into

water vapor and oxygen. The products
of the reaction pass through a heat ex-
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tion of competitive system concepts. Life

support comparisons, as presented in 2. "Beyond Apollo"; Hyatt, Abraham;
this puper, are based on both system and Science and Technology, March 1967.
vehicle considerations. Selection of the

life support subsystems is dependent 3. "Summary of Gemini Extravehic,tlar

mainly on conformsnce with the EVA Activity"; MSC-G-R-67-2; Na_A MSC;
mission performance requirements when June 1967.
the planned number of EVA missions are

relatively low. Once program require- 4. "New Polymeric Material Holds Key to
ments dictate many EVA missions, total Pervaporative Space Suit Cooling",
vehicle constraints such as launch weight H.J. Bixen, A. S. Hoffman and L. A.

and stowage volume constraints may be- Spano, Amicon Corp., Dept. of Chem-
come the major determinant in semction ical Engineering, Massachusetts
of an EVA life s,lpport system. Institute of Technology, and Clothing

and Organic Materials Division, Army
For space programs involving a low Natick Laboratories; Space/Aeronautics;

number of total EVA excursions, the December, 1967.
forced evaporation and the heat pump/

deployed radiator subsystems offer the
optimum candidate thermal control sub-
systems. The heat pump/deployed radi-

ator subsystem is only applicable for
EVA missions in which there is a ,tis-i
crete worksite where a radiator may
be deployed successfully. The optimum

candidate 0 2 supply/CO 2 control sub-
., system for programs with a lcw num-

ber of total EVA excursions is an all-

chemical subsystem _tili_ing h, _ium
peroxide.

! As the total number of EVA excursions

, increase, regenerable subsystems

I (molecular sieve for CO2 control) and
i subsystems utilizing a minimum of e_-
! pendables (heat pump/deployed radiator

i subsystem) become more advantageous.
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SPACE-SUiT THERMAL CONDITIONING TECHNIQUES
FOR FUTURE EXTRAVEHICULAR MISSIONS

C. L. Coffin

Battelle Memorial Institute
Columbus Laboratories

Columbus, Ohio

SUMMARY: Battelle Memorial Institute - Columbus Laboratories is

conducting a conceptual study on new approaches to space-suit

thermal conditioning. This study, which involves the application,

combination, and extension of known conventional and unconventional
techniques_ has the objective of identifying the most promising

techniques that can be foreseen today, irrespective of current
hardware practicability.

INTRODUCTION

Space suits used for extra- thermal isolation from the envir-

vehicular activities serve to pro- onment for longer periods of time,
tect the astronaut from hostile en- and in some cases to extend the

: vlronments, while permitting him to capability for rejecting heat to
perform relatively complex funct- a higher ambient temperature.

ions with minimum physiological Consequently, the thermal-condl-
stress. The current-generation tioning schemes that will be em-
extravehicular suit is essentially ployed in future extravehicular

an extension of the aircraft full- space suits will most likely re-

pressure suit, which is comprised quire the development of new tech-

of a helmet, overall garment, nology to ensure that the needed
gloves, and boots, with metabolic advances in the state of the art

heat removed by flowing, ventilat- do occur. The extent to which
ing gas over the surface of the such advances can be made will un-

body. However, for the compar- doubtedly be a major determinant

atively high metabolic heating in the type of extravehicular
rates that normally accompany activities that will be feasible

extravehicular maneuvers, the for future lunar and interplanet-
effectiveness of cooling by gas ary missions.
ventilation alone has been found to

be marginal at best. Extra- To aid in establLshing guide-
vehicular activities associated lines for future research-and-

with future extended lunar and development activity, Battelle-
! interplanetary missions are ex- Columbus is conducting a concept-

pected to increase the thermal ual study aimed at generating new

performance requirements of space approac" es to space-sult thermal
: suits well beyond those for pre- conditioning. This study involves

i sently planned earth-orbit and the application, combination, and

' lunar missions. Therefore, it will extension of known conventional
be necessary to provide increased and unconventional techniques,

i _i.3.1
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with the objective of identifying INVESTIGATION GUIDELINES
the most promising schemes that

can be foreseen today_ irrespect- For this study the primary
ive of their current hardware functions to be performed by a

practicability. The three primary typical extravehicular space-suit

areas of investigation are (i) thermal-conditioning system are to:

physiological response, (2) body-
heat transfer_ and (3) system-heat • Comfortably carry aw _y

rejection. A premise fundamental metabolic heat and any
to this study is that the totally attendant surface moist-
effective conditioning system must ure from the astronaut
include and utilize the normal

thermoregulatory mechanisms of the • Thermally protect the

human body. This deviates some- astronaut from his
what from the more conventional environment

approach to environmental control-
that of treating the human body as • Provide appropriate

a "black box" influenced by, but heat sinks and/or heat

separated from_ the environmental sources.
control system. This integrated

approach_ although not totally new, In view of tbe simplicity,
adds an important dimension to high degree of reliabilityj light
thermal conditioning of the astro- weight, and compactness of electri-
naut in the extravehicular operat- cal-resistance heating device_, it

ing mode. Closing the loop through is assumed that only resistance
continuous feedback of physio- heaters would be employed where

logical reaction to a conditioned auxiliary heat sources are re-
preaction appears to be a neces- quired. Consequently_ for the

sary prerequisite for the develop- subject study the main emphasis is
ment of the advanced thermal-condi- on investigating schemes for eool-

tioning techniques that will be ing the astronaut.

_ required for future extravehicular
activities. As previously noted, the pri-

I mary goal of the study is to

This paper outlines the ap- identify promising concepts thati

proach being used to conduct the appear to warrant further research
curretLt Battelle study and reviews and developmentj without regard to

the progress to date. Since the present hardware practicability. +
subject study is continuing, any Thus, the initial phase of th_ in-

• conclusions in this paper, either vestigation is not concerned with

i stated or implied, are preliminary the problem of how to incorporate
' at this time, and_thus, are the the candidate thermal-conditlon-

subject of further anal)_!s and ing schemes into a given space-
evaluation. It is hoped that_ suit design. For the most part,

although the subject study has not it _s anticipated that space-suit

yet been completed_ this paper will design will have changed signi-
serve to stimulate further thought ficantly by the time that any of

and interest toward developing the the candidate systems are reduced
advanced space-sult thermal condi- to hardware. In addition, it is

tioning concept that will be re- highly likely that advanced

quired for the ambitious extra- thermal-conditioning-system con-
vehicular activities envisioned figurations will be instrumental
for the future, in determining how future-
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generation space suits will be de- higher than foc the same tasks in

3igned. a natural: unconstrained environ-
ment. For example, prevlous re-

In view of the broad nature and search studies have shown ratios

long-range objectives of this study, as high as 5 or 6 to I with current-
specific mission requirements are generation space suits. Consider-

not considered per se...... _=_, _,,_L,_ advances in the art of
eacb of _he candidate thermal- space-suit design exyected for the

conditioning concepts is being future will most likely reduce

evaluated on the basis of its par- the physical encumh_nc_ and,
titular performance limitations as thus, the metabolic heating rate,
well as its most favorable pe=- this ratio for a given work task I

formance range. This should ulti- should be l_er for future extra-

mately permit classification of vehicular activities. However,
these concepts in such a manner for this investigation a maximum 7

that those showing the most potent- metabolic heaL_ng rate of 3750
ial can be selected for a given Btu/hr for strenuous extravebicular

extravehicular mission for the activity is used for th_ upper

specified environmental conditions, limit, without regard for possible
space-sult structural design im-

The three primary areas selected provements. This value of 3750

for investigation are (I) physio- Btu/hr, which represents the max-

logical the._mml response, (2) body imum cooling load for the thermal

surface heat and mass transmission, conditioning schemes _.eingcon-
and (3) system-heat rejection, sidered, was sel_cted as a _ep-

Although this study treats each resentative value through review
of thcse areas separately, it must of the literature and discussions

be recognized tha_ they are closely wi_'h o_r researchers current1 y "

related, so that the eventual actLve in thls field. For nominal
j evolvement of potentially useful sedcvuary activity the lower limit

advanced thermal-conditloning was taken Co be 500 Btu/hr.

techniques requires integration ---
into total-system concepts. A number of .*evlous studies

of huma_ performance Ip a space
environment have established the

, PHYSIOLOGICAL CONSIDERATIONS acceptable-comfort _-._n skin- i

' temperaturc range to oe from

The three primary physiological 86 to 94 F. These thresholds
con_ideration_ for space-suit were defined on the basis of in- .

thermal conditioning are (I) meta- duced metabolic heat generation

I bolic heating rate, (2) skin ,ur- by shivering at 86 F and excessive

i face temperature, and (3) sweat- sweating at 94 F. Consequently,

I or molsture-removal rate. A fourth this study is concerned with

i consideration of utmost importance thermal condlrloning techniques
is the natural thermoregulatory with the potential for maintain-

I mechanism, which is essentially Ing a mean skin temperature ba-
the integrating factor for the tween 86 and 94 F.
first three.

! The third primary physio-

' Metabolic heating rates for logical consideration is the sweat

I performing physical tasks in a rate, both active and insensible.
_, pressure suit are significantly It has been de_ermlned that

q
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high active sweat rates in con- BODY-HEAT TRANSFER
junction with high body temper-

atures induce undesirable physio- Any thermal-conditioning

logical stresses in humans perform- techniques ultimately selected for

ing in a space environment. One space-suit environmental control

major consequence is that high con- must, of course, employ one or a

tinuous latent cooling loads will combination of the basic modes,

in time dehydrate the body. On i.e., conduction_ convection, or

the other hand, a zero sweat rate radiation, to transfer heat to and

requirement for the body thermal from the astronuat's body. Many

conditioning appears to be un- of the thermal-control schemes no__

necessary, and relatively low envisioned would be configured

active sweat rates are generally with the major system components
censidered to be desirable. With external to the suit, most likely

regard to sweat rate as _ thermal- back pack, with _l¢_ds cycling to

conditioning performance criterion, and from the body region to effect
the fundamental concern is that conductive or convective heat

there is provision for adequate transfer. Radiation heat transfer

c_oling capacity to remove skin to the suit wall may also be em-
surface moisture at a comfortable ployed in conjunction with either

body temperature for any reasonable of these modes.

sweat rate. The maximum sweat rate,

or conversely, the maximum moisture- The heat-transfer modes normally

i removal rate, has been estimated available for human comfort con-
' to be 3750 Btu/hr for this study, ditioning in the terrestrial en-

which corresponds to an equilibrium vironment will be either absent or

heat dissipation of 3750 Btu/hr, constrained in the extraterrestrial

with total latent evaporation. It environments considered for this

is recognized, of course, that the study. Radiative heat transfer

actual sweat rate varies within from the surface of the body is

and from individual to individual, restricted when the body is en-

J so this maximum value represents a closed in space suits having the

i composite, wall temperature approximately

equal to body surface temperatures.

Table i summarizes the major Convective heat transfe_ is re-

thermal performance criteria dic- duced both by the absence of

tared by physiological considerat- gravity-induced buoyancy effects

ions for the thermal conditioning and by the comparatively low pres-

schemes being considered in this sure of the gas normally used to J

study, surround the body. Therefore, it
J does not appear feasible to pro-

vide thermal conditioning by

TABLE I. THERMAL-CONDITIONING- attempting to reproduce the normal

SYSTEM PERFORMANCE CRITERIA terrestrial environment.

Heat Removal Rate-500 to 3750 Btu/hr The environmental-control

technique that has been used for

Mean Skin Temperature-86 to 94 F previous manned extravehicular

activities is ventilation cooling,

Moisture Removal Rate-0 to 3750 Btu/ whereby heat and mass _ransfer are

hr effected by forced convection.

With this scheme, the majority of

the cooling load is latent,
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resulting from sweat evaporation, of such a scheme is the potential

Ventilation cooling has the ad- for obtaining comparati ely high

vantage of being able to utilize heat-transfer efflclencies.

the natural thermoregulatory However_ since the conduction

mechanism for body thermal control, approach does not r_ake use of the

However 3 as previously noted_ this sweat mechanism f_r body thermal

dependence on the perspiration control_ the tb_rmoregulatory

mechanism can be a severe disad- mechanism is in effect inhib_ted_

vantage at high metabolic heat and, thereforejhas little influence

rates if high body temperatures in controlling internal bod>

are required to produce excessive temperature. Consequently 2 al-

sweat rates, though the absence or reduced

rate of sweating may offer a

Results from previous studies decided physiological advantage

indicate that environmental con- from the standpoint of low physio-

trol by ventilation cooling alone logical stresses at comparatively

is restricted to metabolic heating low metabolic heating rates, the

rates below 1200 Btu/hr with suit complete obviation of the sweating

pressures of 3.5 psia. Consider- condition could be a serious dis-

ing that metabolic heating rates advantage for the high metabolic

may well approach 3800 Btu/hr for heating rates normally produced by

future extravehicular activitiesj extravehicular activities. In

ventilation cooling by conventional this regardj the liquid-loop

means appears to be impractical, conductive-cooling technique pre-

However_ even when the body is sently appears to be limited to

maintained at conditions that do heat removal rates in the range

not induce appreciable active from 2000 to 2500 Btu/hr.

sweatingj some perspiration re-

moval (including insensible) will Cooling the body passively by

normally be required. Consequently, radiation to the space-suit wall

techniques that rely on a primary appears to offer an i_herent de-

mode of heat transfer other than sign simplicity. Ho_everj it has

forceq convection may still require been determined that for a radiation

some gas ventilation for sweat gap existing between the body and

removal. Ventilation-gas cir- the wall of the space suit 3 the

culation may also be employed on maximum theoretical heat-transfer

a localized basis to the high- rate is atout ii00 Btu/hr_ the

sweat areas such as armpits_ groin_ limiting condition being potential

hand palms, and foot soles, ice buildup on the inner wall of

the suit. Therefore_ the use of

i Cooling the body by conduction a passive radiation gap alone

can be induced by the use of a appears limited to comparatively

coolant loop with elements in con- low metabolic heating rates.

tact with the skin. This approach
establishes comfort conditions From the above considerations

essentially by maintaining the skin one might assume that the most

temperature within a specified practical extravehicular-actlvlty

range through nearly constant ther,ml-conditioning techniques '
heat-transfer rates. One technique must rely on a combination of

!

now being developed uses a liquid the basic modes for effective

circulating from regional body- body-heat transfer. For example_

heat exchangers to an external it is reasonable to expect that

heat sink. The main advantage the most workable system will be

|
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one that combines sensible and Basic Cooling Processes
latent heat removal on a localized

basis at various points on the The basic physical processes

body, in which case the judicious considered for this study are

zoning of the conductive and the those that, when incorporated

convective heat-transfer modes into a system, are capable of

would be in order, effecting a reduction in the sys-

tem temperature with respect to

its surroundings, thereby placing

_-REJECTION CONSIDERATIONS the system in a position to ab-

sorb energy (i.e., heat) from

Under most conditions, it will these surroundings. These basic

be necessary to reject heat from cooling processes can be catagor-

the space-suit thermal-condition- ized under three major headings,

ing system directly to the environ- each of which describes the

ment or to a heat sink. Ultimately, principal change of state re-

the heat ----.stbe re--,oved by sponsible for inducing a system

radiation, conduction, convection, to lower its temperature below

sublimation, or evaporation. For that of its surroundings. These

survival in environments having an major headings, along with

equivalent ambient temperature appropriate examples and sub-

higher than those normally en- divisions are as follows:

countered on Earth, the use of a

! powered refrigeration system must I. Mechanical Changes

i be considered. Refrigeration of State

t techniques selected must provide

extended-temperaL.ire-range a. Single-component-

capability and adaptability, low system phase

heat-rejection requirements, com- changes, including

pactness, light weight, low power vaporization, melt-

requirements, and zero-g operation- ingj sublimation,

al capability, and solid state

For the current study, the b. Binary-component-

identification and preliminary system phase

assessment of candidate refri- change, princi-

geratlon systems was preceded by pally vaporization
a brief examination of the basic

physical processes that can c. Expansion with ,

potentially be employed to reject transfer of ex-

i heat. A brief discussion of these ternal work, in-

! basic processes is presented in cluding gaseous

the following section preparatory phase, liquid

to the dlscussion in succeeding phase, and solid

sections of some of the refri- phase

geration approaches being con-

sidered in this study, d. Expansion with-
out transfer of

; external work, in-

; eluding vortex

action and gas

throttling

VI.3.6
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2. Chemical Changes of • Expansion of a liquid
State with transfer of ex-

ternal work

a. Dissociation re-

actions • Vortex action (Ranque-
Hilsch tube)

b. Solution effects

• Throttling of a gas

c. Sorption effects (Joule-Thompson effect)

3. Electrical and/or • Thermoelectric (Peltier

Magnetic Changes of devices).
State

a. Thermoelectric Conventional Refrigeration

Cycles
b. Thermoelectric-

magnetic The cycles being investigated
are grouped under two headings

c. Therm_ _gnetic. according to the degree of avail-
ability of the energy that is

It is generally accepted that any directly supplied to motivate the

refrigeration cycle suitable for cycle. Cycles receiving moti-
heat rejection in a space-suit vational energy in a form that is

thermal-conditioning system will totally available for doing work_
employ one or a combination of such as mechanical or electrical

these basJc cooling processes, energy, are grouped under the

Consequently_ they essentially heading "Explicitly Driven Cycles".
represent the rudiments for all Cycles receiving motivational
advanced thermal-conditionlng energy in the form of heat that is

schemes, not totally available for doing

work, are grouped under the head-
On the basis of a preliminary ing of "Implicitly Driven Cycles".

assessment 3 the following cooling
processes appear to warrant the The discussion of each of the

primary consideration for space- conventional cycles in this section
suit heat rejection. It is centers around the efficiency of

i emphasized however, that at the the particular cycle. This is
present time no single process because cycle efficiency offers a

• has been totally ruled out. convenient means for performing
a preliminary assessmantj in that

• Vaporization (single- efficiency directly relates heat-

i component systems) rejection capabilityand power re-
i quirement to a given cooling re-
, • Sublimation (single- qulrement. It is important to

i component systems) note, howeverj that efficiency is
i but one of the standards that must

• Vaporization (binary- ultimately be used to compare can-
i
! component systems) dldate systems and that other

salient features may actually con-
|

! • Expansion of a gas with tribute more toward determining
} transfer of external the long-range potential for a

work particular system.
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Explicitly Driven Cycles provide for maximum efficiency of

thermal devices. The requirement

Vapor-Compression Cycle. for attaining Carnot-cycle effi-

Because the explicitly driven ciency is simply that the heat-

vapor-compression cycle is the rejection and- absorption processes

basis for most air-conditioning must be isothermal, with connect-

systems (and also for the vast ing processes that are isentropic

majority of existing refrigeration or the cyclic equivalent. The con-

systems), it becomes for this in- necting processes can be made

vestigation a practical basis for effectively isentropic through re-

comparison with other cycles. The generative heat exchange within

comparisons should then reveal the cycle. This principle is the

which cycles from a thermodynamic basis for the Stifling and Ericsson

viewpoint appear to offer possi- cycles, which ideally operate at

bilities for significant improve- Carnot-cycle efficiencies. The
ments, basic difference between the

. Stifling- and Ericsson-cycle pro-

To be concise, the vapor- cesses is that, for the Stifling

compression refrigeration cycle cycle, the regenerative heat ex-

i forms the basis of the refrigeration changes are considered to occur
and air-conditioning art, because it at constant volume, whereas, for

is the closest practical approach the Ericsson cycle, these exchanges

to Carnot-cycle requirements yet take place at constant pressure.

devised. This close approach is due

primarily to the employment of a The application of thesc prin-

condensable working fluid that in- ciples to an actual refrigeration

herently provides for heat-absorption machine has been limited, primarily

and-rejection processes that are because of technological problems.

for the most part isothermal. However, it is considered highly

unlikely that this regenerative-

In considering this cycle cycle approach will continue to be

i specifically for use in a space- rejected merely because present

borne thermal conditioning system, technology has not yet solved all
it is noted that the mechanical the problems connected with this

vapor-compression system, which is type of machine. Although this

very efficient under normal ter- approach is presently considered

restrial conditions, may lose to be inferior to that of the vapor-

capacity rapidly as the heat- compression cycle, it is conceivable

rejection temperature is extended that future technological develop-

i above the normal range. Also, ments in mechanisms, lubricants,

! many of the refrigerants currently and heat exchangers will improve

being used in vapor-compression this situation to a point where

machines have unacceptable long- the regenerative Stirling cycle

term chemical stability at temp- can equal or possibly surpass

eratures above 400 F. Therefore, vapor-compression equipment on an

further evaluation may show this efficiency basis. Furthermore,

cycle to have limited application _:hen it is considered that

to space-sult thermal conditioning. Stifling-cycle machines maintain

capacity substantially better than

Stirling and Ericsson Cycles. do vapor-compression machines at

The Carnot cycle is not the only elevated heat-rejection temperatures,

combination of processes that can they may well hold promise for

future space-suit thermal
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conditioning, cooling using small, high-speed

equipment may eventually offer con-

Brayton Cycle. Thls type of siderable promise.

refrigeration system is based on a

thermodynamic cycle of processes Joule-Thomson Cycle. Perhaps

known variously as the Brayton the best way to present the Joule-

cycle_ Joule cycle, or air cycle. Thomson refrigeration cycle is to

Although the vast majority of make a comparison between it and

commercial and military aircraft the Brayton cyc,e. As shown in

depend either entirely or to a Figure i, both cycles require a

large extent on air-cycle refri- compressor, expansion device

geration systems for personnel and if|lilt_
equipment cooling, applications I I I I I I I_ J

of this cycle to other air- Heot exchar_er J
conditioning practices have been

rare. This is prinmrily because

tne Brayton cycle, when reduced Throttle _-_

to actual practice, is subject voJve Motor _ mpressorto certain irreversibilities that

drastically reduce it_ potential.

The most significant irreversibility

is that accompanying the expansion

process. During expansion, tur- _ r

bulence and, therefore, irrever- Cooling

sible heating effects first reduce lood
the work extracted from the gas

and, second, reduce the refri-

gerating effect, since the gas Joule-Thomson Cycle

leaves the expander at a temp-

llll''--erature higher than ideal. The [ I I I " J

compression processes also suffer [ Heo, exchonger 1irreversibilities which require

that the actual compression work 4 ;v_O.__
i be larger than the ideal quantity, r

The reduction in refrigerating L
- _- _¢"Cornpre-_sorcapacity and increase in net work Exponder -

required naturally reduce the

coefficient of performance and,

therefore, increaae power require-

ment s" J i

the comparatively J Cooling [_

Consequently,

low efficiency and resultant large 4 Iood
power requirements of the cycle pre-

ven_ it from competing with the vapor- Broyton Cycle ._
compression cycle for no_Bal ter- ._

restrlal air-conditioning appli-

cations. FIGURE I ARRANGEMENT OF
i However, for space application, COMPONEN rs FORMING

and particularly for extravehicular

systems where low weight and corn- THE JOULE-THOMSON
. pactness are of the utmost import- AND BRAYTON REFRIG-

i arce, closed Brayton-cycle ERATION CYCLES

f
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and two heat exchangers, The basic electric cooling devices do not pre-
difference between the two cycles is_ sently find wide application in

then_ the means provided for ex- air-conditioning practice is their
panding the working fluid from the inefficiency of operation when com-

high- to low-pressure regions ir pared with other types of equipment.
order to facilitate a temperature

decrease. In the case _f the Whereas a figure of merit of
Brayton cycle the expaesion is _resently available thermoelements

accomplished in a machine that is approximately (3.2 • IO'3)(C)-Ij

extracts somej but not all of the a figure of merit of (i0 • 10-3 )
work that is ideally available. (C)-_ is often quoted as being the
A Brayton-cycle expansion process value needed to make the Peltier
is3 thenj partially irreversible_ device competitive with vapor-com-

and the work that is extracted is pression equipment. This obviously

considered to be returned to the will require a major breakthrough
compressor_ thereby reducing the in advancing the a'ate of the art.

net work input required to moti- This is not meant to imply that a
rate the cycle. The expander in a figure of merit of (I0 • I0-3(C)-I

Joule-Thomson cycle is a throttling must b_ attained before the thermo-

valve; therefore_ the expansion electric device appears attractive

process is totally irr,_versible for _pace-suit thermal conditioning.
and no work is extracted. Assuming Co_''_ering ot_er attributes of

• for the moment that both cycles t:_ devi,:es_ it seems reasonable
operate over the same pressure to _ssum_ t_at somewhat lower

i range 3 it becomes obvious that the figures of _ _Ii make them
I Brayton cycle is the more efficient competitive i.....e future.
• of the two.

To be at all effective a Joule- Implicitly Driven Cycles

Thomson cycle must operate over a
much greater pressure range than The preceding discussion dealt

is normally required for a Brayton with what has been termed explicitly

cycle. Higher pressures mean higher driven cycles_ that is_ those refri-
temperatures and_ therefore_ further geratlon cycles that are considered

deviations from Carnot-cycle re- to be directly motivated by energy
quirements. It is quite evident in a totally available form such as

that a temperature decrease obtained shaft or electrical energy. The

by a totally irreversible process discussions to follow are concerned
does not provide an effective means with what has been termed implicitly

i for rejecting heat. Therefore_ in driven cycles_ or those refrigeration

i spite of its apparent simplicity 3 the cycles that are directly driven3
Joule-Thomson cycle may not be com- or motivated by energy in the form

petitlve with the Brayton cycle for of heat. Since heat energy is not

space-suit thermal conditioning, totally available for doing workj
a heat-motivated refrigeration

Peltler Devices. Thermoelectric cycle is actually a rather subtle

devices are certainly mechanically combination of refrigeration cycle
attractive as means for rejecting and heat ehgine. Expressed another

heat in space-sult thermal condi- way the available energy needed by
t£onlng systema_ and therefore the refrigeration section to pump

appear to be worthy of continued heat from a lower temperature to
interest. However_ it must be sink temperature is derived from the

recognized that the reason thermo- heat-engine sectlon_ which absorbs

VI.3.10
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heat at a tempez _ture above sink refrigeration device, primarily

temperature and _.timately rejects because it is forced to absorb its
the unavailable and unused avail- motivation heat energy at a rela-

able portions to the sink. tively Ic_¢temperature, a condition
that does not allow for a high ther-

Absorption Cycle (Two-Fluid mal efficiency of its engine section.

Type). For the purpose of Absorption systems do have the
this discussion, it should be re- advantage, however, of operating with

membered that an absorption refri- low-temperature heat sources that

geration cycle is in effect a vapor- would normally be considered as waste
compression cycle. The distin- heat. In this regard, it is con-

guishing feature between them is the ceivable than an absorption system
means employed to change the state used in an extravehicular-activity

of the refrigerant vapor from space suit might be solar motivated.
evaporator to condenser conditions.
In a mechanical vapor-compression Recent conceptual studies at

cycle (that is, an explicitly driven Battelle-Columbus have produced an

cycle), the refrigerant vapor is absorption-system cycle capable of
removed from the evaporator and is rejecting heat at substantially
delivered to the condenser at a higher temperatures than current

higher pressure and temperature by state-of-the-art systems. There

a mechanical compression device, is reason to believe that a system
such as reciprocating- or centrifu- of this type may hold promise for

gal-type compressor. The absorption future space-suit thermal condi-

cycle accomplishes the same increase tioning.
in pressure and tempera=ure by first

absorbing the refrigerant vapor in Absorption Cycle (Three-Fluld

solution with a second liquid having Type). Figure 3 is a simpli-
an affinity for the vapor. The fled diagram for an absorption

absorbing solution, rich in refri- cycle that eliminates the need for

gerant, is then delivered to a region a refrigerant throttling valve and
of higher pressure where it is sub- a mechanical circulation pump,

s_quently heated to drive the refri- although the basic operation of this
gerant out of solution and into the cycle is identical to the preceding
vapor phase at condenser conditions, absorption cycle. The feature that

distinguishes this cycle is the use

Figure 2 shows a schematic of an inactive gas in the evaporator-
arrangement of the components form- absorber section. The gas is

" ing the basic absorption refri- termed inactive because it neither
geration cycle. The condenser s acts as a refrigerant working fluid ,

throttling valve, and evaporator nor as a thermal-englne working

i appearing to the left of Lii.-AA in fluid. The primary purpose of the
Figure 2 perform the same functions inactive gas is to depress the
as in a mechanical vapor-compression vapor pressure of the refrigerant in

cycle. The components to the right the evaporator-absorber section while

of Line AA, i.e._ the absorber, permitting the entire system to

! heat exchanger, generator, liquid operate at essentially the same

pump, and liquld-pressure-reduclng total pressure.
' valve, all help to perform the

vapoz-compression process. Thermodynamically, this cycle
does not offer advantages over the

, In general, an absorption two-fluid absorption cycle pre-
system is not an efficient viously discussed.

Vl.3.11
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Generator
Refrigerant

TIT vapor Heat added
_-_.__ - - - (motivating

- - - energy)

Weak _Strong solution

Heat
exchanger

Liquid- pressure- Liquid pump
reducing volve

!

i _ Condenser I Absorber

Heo! rejected .Heot rejecte6
T_- (refrigeration _engine sinkJsinkl - -

(_ Throttle valve Refrigerant vaporI

, _. J
, , Evaporator

TC _]Heat bsorbedI(cooling Iood)
! '
I

IA

FIGURE 2. SCHEMATIC ARRANGEMENT OF COMPONENTS FOR
THE BASIC ABSORPTION REFRIGERATION CYCLE
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is transformed_ by the expansion

nozzle_ into the mechanical kinetic
energy of a high-speed stream. The

high-speed stream leaving the nozzle
entrains refrigerant vapor from the

evaporator_ and together they enter
the diffuser section of the ejector.

Evoporo,_or The diffuser decelerates the com-

uid bined stream in an attempt to re-
Refrigerant seporO-cover as much of the mechanical

and inactive tar kinetic energy as possible and
gas transform it into a pressure head

sufficient to allow condensation of

the vapor at condenser temperature.

I Once condensed_ a portion of therefrigerant is conducted to the
evaporator via a throttling valve

ctor to complete the refrigeration

cycle. The remaining portion of the
condensed refrigerant is pumped

to the vapor generator to complete

Burner _, the thermal-engine cycle.

Vapor
FIGURE 13.SIMPLIFIED DIAGRAM OF AN generolor

T.fING AN INACTIVE GAS IN THE
EVAPOR ATOR - ABSORBER

SECTION 1From the mechanical standpoint, it r"Condenser_

is extremely simple and, therefore, TSt ill t I I I _ Burner

somewhat crude in the manner in I I I:
which some of the processes 3 such (

as absorption_ are affected. This L / \ I _---- \normally results in a machine that \
is rather large for a given capacity. \

m

- Ejector Cycle. The ejector _ _ valve Liquirefrigeration cycle, shown sche- xThrO|tle pump

matlcally in Figure 4 is another
implicitly coupled heat-motivated Evaporator

cycle based on the vapor-compression TC _IiIii I-III111
cycle. In this cycle 3 the com-
pression of the refrigerant vapor _"

from evaporator to condenser con-
ditions is accomplished by an

i ejector. As shown, the motl- FIGURE4. SCHEMATIC DIAGRAM OF "
¢ vational heat is added to a portion THE EJECTOR REFRIG- --

I of the liquefied refrigerant in a ERATION CYCLEvapor generator. The resulting!
'I vapor is conducted to the ejector
[ where a portion of its enthalpy

I
! _1.3.13
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The large amount of turbulence does receive its motivating energy

present in an ejector makes the in the same mannerj i.e., through a
device extremely irreversible and heat exchanger. The explicit sep-

therefore provides a very inefficient aration of thermal engine and refri-

way to compress the refrigerant gerator permits the engine section
vapor. Because of this extreme in- of a double-loop cycle to absorb its

efficiency, the ejector cycle has not motivating heat at as high a temp-
yet found wide applicatien, erature as is practical. This

feature provides the double-loop

Double-Loo_ Cycle. A double- cycle with a definite thermodynamic
loop refrigeration cycle is simply advantage over the absorption cycle.

a mechanical vapor-co=pression
refrigeration cycle driven by a While the double-loop cycle

Rankine-cycle thermal engine. A offers an opportunity to improve on

schematic sketch of a double-loop the efficiency of direct heat-
arrangement is shown in Figure 5. actuated refrigeration cycles, it

has not found wide application. The

Vopor generator reason for this3 when compared with

_Exponder an absorption-cycle system, is "fat
r_j_ its gain in efficiency normally does(mofiyati not justify the add 4 complications

he°tiC j_ _ introducedbythemechanicax-
expansion and- compression devices.

Condenser _ =r _ Less Conventional Cycles andE
o Devices

QR(heatsink) u

__ _ The following discussion

relates to possible new refriger-W
ation techniques being considered
for extravehicular space-suit ther-

i _Compres- mal conditioning. These techniques
i sor ca_ be classified either as cycles

i _ (both explicitly and implicitly

\ OA(COOling driven) or as systems. The suc-
-Throttling effect) ceeding discussion is directed
valve primarily to their competitive

Liquid pump position at the preseot time.
Further evaluation and anslysis will

be necessary in order to determine

FIGURE 5. SCHEMATIC DIAGRAMOF which, if any, of these techniques
A DOUBLE-LOOP RE- hold the po'_ential for future

FR IGERATION CYCLE development.

While the double-loop cycle Azeotropic Cycle. In the three-

does not present quite as subtle fluid-type absorption refrigeration

a coupling of thermal engine and cycle previously discussed_ an in-
refrigerator as does the absorp- active gas was employed in the

! tlon or ejector cycles, it is evaporator-absorber section to de-
included in the discussion of im- press the equilibrium vapor pcessure
plicitly driven cycles because it and, therefore, the vaporization

VI.3.14
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temperature of the refrigerant, appears to be no advantage to be

while allowing the entire system to gained. In actual practice the
operate at essentially the same total liquid may offer some p_actical ad- _
pressure. The use of an azeotropic vantages over a gaseous working

solution permits a simi]ar arrange- fluid.
mont.

A regenerative thermodynamic

The boiling temperature of the cycle would appear to offer the most
azeotropic composlt!cn of a lower opportunity for the application of

boiJing-point binary solution is a liquzd working fluid. The actual
below that of either pure compouent machine could quite possible be de-

for a given total pressure, in signed on the order of the displacer-
other words, the presence of the one piston type employed by previous de-

liquid depresses the boiling point velopers during their work on
of the other, and vice versa. If Stlriing-cycle engines and refri-

one liquid is now considered as the gerators. One property that might
refrigerant working fluid, then the prove to be an advantage is the
other assumes the same function as usually higher coefficient of ther-

the inactive gas in a normal three- mal conductivity of iiquids as com-

fluld-type absorption system. To pared with that of gases. Thls,

elaborate scmewhat_ the azeotropic of course 3 would be an aid to heat
solution is placed in the evaporato_ transfer. _

in which a portion of it vaporizes

until it comes into equilibrium with It is emphasized that _he com-
the vapors of its two components, parative advantages and disadvan-

The evaporator is connected to an ab- rages of liquid and gaseous working
sorber that circulates a solvent fl'lidshave not yet been evaluated_

having a preferential affinity for and the use of liquids for refrl-

only one of the components 3 i.e., geration cycles is mentioned here
the one considered to be the refri- with the hope that someone may

gerant working fluid. Once ab- recognize an advantage and somehow p

sorbed into the liquid phase and put it to good u_e.
removed from the presence of the in-

active component 3 the refrigerant can Fog Cycle. By operating a cycle
be u_sorbed by the _ddition of heat totally within the quality region of

and condensed in its pure state at a condensable working fluid_ it is

a higher temperature than exists in ideally possible to achieve Carnot-

the evaporator. The liquid refrl- cycle efflciencies and therefore
gerant is then returned to the gain at least a theoretical ad--

evaporator via a liquid trap to vantage over the n_rmal vapor-
maintain the azeotropic composition compression cycle. However, it re-

and to complete the refrigeration mains to be seen whether this theo-
portion of the cycle. The absorbing retIcal advantage coRtIDues to aid
solution follows the same procedure the cycle whe_ irrcver_Ibillties

as in a normal absorption cycle, are considered. Thc fog-cy:le
concept is an i.:te_e_Ling one and

Liquld-Phase Working Fluids. certaLnly appears to warrant further

The use of a liquid as the wozklng consideration as a means for re-
fluid in a thermodynamic cycle Jecting heat in extravehicular Ira.

I

may offer some interesting possl- sp_e suits.
bilities for rejecting neat in space

suits. Although from a purely

thermodynamic point of view_ the-e
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Heat Pipe. Possibly no single in temperaturej few if any have re-

other thermal-control concept has ceived the range of interest that

generated as much interest as has has been accorded the vortex tube

the heat pipe in the past 5 years. (also known as the Hilsch tube_

The passive nature of the heat Ranque tube_ Ranque-Hilsch tube_

pipej in conjunction with its rela- vortex refrigerator_ T-tube_ ortively high heat capacity, has placed separator tube). It was invented

this device high on the list cf and patented in the early 1930's

candidates for any space-oriented by M. G. Ranque, a French metal-

thermal control apF!ication. Con- lurgist, and brought to the atten-

sidering the current interest in and Zion of scientists in this country

the research activity centered by Rudolph Hilsch in 1947.

around the heat pipe_ it is only

natural that this approach to ther- Although several types of vortex

mal control be applied to space- tubes exist, the counterflow design

suit thermal conditioning, shown in Figure 6 is the most pre-
valent. The basic idea b=_inu-L"J all

There appear to be possible con- types, however, is to establish a

figurational advantages associated tangential velocity in the gas.

with the use of the heat pipe for In the case of the counterflow

heat transport ill a space suit. type, this is accomplished by an

For example_ it may be possible to inlet nozzle that enters the main
utilize the external surface of the tube tangentially at the outer peri-
suit as a radiator for waste-heat meter. The remainder of the device

rejection_ with the space-suit wall consists of an orifice plate located

acting as a variable-conductance directly to one side of the nozzle!
I heat-transfer device. This con- and a throttling valve located some-

--_ trolled the_Inal conductance could, of what downstream and to the opposite

course, be effected by incorporating side of the nozzle.
heat-plpe devices as an integral

part of the s,.it shell. Theoretical The observed operatioL of this

and experimental st-dies have shown device for various positions of the

this approach to be feasible, and throttle valve is as follows:
there is indication that the fabri-

cation techniques that are needed to With the valve wide open, all of

reduce this to practice are presently the gas that enters by way of the

r being pursued, nozzle exits at the hot end, with

no change in temperature. The for-

The beat pipe can also be con- marion of a vortex within the tube ,
sidered _ a possible link in a reduces the static pressure along

heat-rej¢ .ion scheme that is based the axis of the tube_ inducing gas

p_:_i!y on some form of powered to be drawn from the cold end through

! mechanical-refrigeration system, the orifice and out of the throttle

For example, a system such as space valve at the hot end, with still no

; sult-to-liquid loop-to-Stifling appreciable temperature change. As
refrigerator-to heat pi_e-to the throttle valve is closed_ the

radiator appears to be potentially gas flow from the cold end first
an efficient and versatile means ceases_ then reverses_ direction.

for rejecting heat in a space suit. When this revezse occurs_ it has

i been observed chat the stagnation

Vortex-Tube Cycle. Of all the temperature of the gas leaving the

ways known for producing a decrease hot end rises above it. For a fixed

I VI. 3.16
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FIGURE 6. COUNTERFI_OW- TYPE VORTEX TUBE

exhaust pressure and a given geo- is a velocity field where the tan-

metric configuration of the tube_ gential velocity increases with a
the temperatures at the hot and cold decrease in radius. As the vortex

exits vary with the percentage of the moves axially along the tubej
total gas flow leaving the cold viscous forces tend to establish a

exit and the stagnation pressure constant angular velocltyj or, in

and temperature of the gas at the other words_ the slower particles
inlet nozzle. A comparison between are accelerated at the expense of

the enthalpy increase at the hot end the faster ones. This kinetic-

with the enthalpy decrease at the energy transfer from the faster par-
cold end sh_es that the two are ticles along the inner portion of

numerically equal. The vortex tube the tube to the slower particles
is then a constant-enthalpy device along the outer perimeter of the

that somehow exchanges energy tube tends to increase the temp-

between the rr_ulting hot and cold erature of the outer layers and lower
, gas streams, that of the inner layers. The

resulting temperature gradient then

The mechanism by which the vor- begins to reheat the inner iayers_
tex tube operates has never been ex- expanding the gas and forcing it
plalned to everyone's satisfaction, out the central hole in the orifice

The most logical explanation, plate. Naturally_ it is held that

however_ seems to center on the ex- the kinetic-energy transfer radially
change of kinetic energy due to outward is greater than the heat

viscous shear. In brief_ the gas flow radially inward.

: initially entering the main tube
( establishes a vortex in which angular A possible refrigeration system
! momentum is conserved_ that isj employing a vortex tube as the means
,i_ the velocity times the radius of for accomplishing a decrease in
i each particle is a constant. This

I
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temperature is shown in Figure 7.

301
20 r

,OR Compressor _o I0 /
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0.2 0.4 0.6 0.8 I0

FIGURE 8. TEMPERATURE AND
FIGURE Z THE VORTEX TUBE COOLING-CAPACITY FOR

AS APPLIED TO A VORTEX TUBE
COOLING CYCLE

! thus far has been found to be most
Thus far, the vortex tube has not inefficient, and the use of a gas

found application in air-conditioning other than air as the working fluid

practice, primarily because of its does not appear to offer any reason
' inefficiency. To demonstrate this, for altering this situation. For

consider Hilsch's data for a tube exanple, experiments have shown that

operating at 6 arm delivery pressure, carbon dioxide is only slightly more

as shown in Figure 8. The lower efficient than air, while hydrogen
curve is a plot of the temperature is somewhat less efficient. On the

of the air leaving the cold end of other hand, the static nature of
• the tube, as a function of the ratio the vortex tube should be appealing

of cold air flow to total air flowjp, to the designer of space-suit thermal-
The upper curve is a plot of the pro- conditioning systems and,should

duct of p and the temperature drop advances in the art bring about

T - T. Ehis curve shows that the increased efficienciesj it is con-
_ximum cooling capacity available ceivable that in time this device

does not occur at the lowest temp- may receive seriou_ consideration

erature attained_ but at some for space-suit thermal conditioning.
slightly higher temperature at which

the proportion of cold-air flow to Water-Vapor Electrolysis Cell.

total air flow is greater. In this One of the primary goals to be put-
case, maximum cooling occurs at sued in developlnp space-suit thermal

p = C.6. The temperature at _ ffi0.6 conditioning schemes is the possible

was -19 C, for a total temperature utilization of the functional life-
drop of 39 C (70 F). support-system components for reject- _-,

ing heat. One device that appears
As noted, the vortex-tube cycle, to offer promise as a means for in-

employing air as the working fluid, cluding the heat-rejectlon function
|
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a_ an integral part of the space- A number of laboratory versions

suit life-support loop is the water- of the phosphoric acid water-vapor
vapor electrolys_s cell. It is con- electrolysis cell have been built
ceivable that this device can be used and tested at Battelle-Columbus for

for the environmental control func- research on space-cabin llfe-support

lions of dehumidification and heat systemsj sponsored by the National

rejection_ in additicn to supplying Aeronautics and Space Administration_
breathing oxygen. Ames Research Centerj under Contract

HAS 2-2156. A typical laboratory

The water-vapor electrolysis module is capable of operating at
cell with phosphoric acid3 shown any rate of oxygen generation up

schematically in Figure 9_ is to a one-man rate (2 ib 02/man-day )
essentially a special type of or higher. However_ for an assumed
oxygen generator designed to utilize power penalty of 300 ibikwj the
directly the water vapor contained nominal design operation is at the

in air. As shown by Figure 9, water i/2-man rate (2/3 lb ?2/day) at the_
vapor in the air, flowing through the optimum current density of 20 amp/f_

cell and across the anode_ is ab- for minimum system weight. The

sorbed in the electrolyte, and unit is designed for a nominal
oxygen simultaneously generated at operating voltage of 28 volts for a

the anode is added to the air stream, battery of 12 cells in series

Hydrogen collected at the cathode (2.34 volts/cell average).
can either be used in a separate

hydrogenation system for carbon di- Although the primary purpose of
oxide reduction to water or vented the water-vapor elec_rolysls cell _

overboard, is currently oxygen generation_ the

unit is also a dehumidifier 2 since
the water used for electrolysi_ Is
extracted from recirculated air.

Thereforej it is easy to see how

i the water-vapor electrolysis-cell

concept can be extended to space-

H2 suit thermal conditioning_ consider-
ing that the metabolic-heat-generated

water vapor can be continuously re-

moved from the loop by electrolyJis.
In addition to providing a means for

Screenelectrode heat rejection, the water-vapor
electrolysis cell would also generate

supplemental oxygen for astronaut
breathing. The water output from

Air man by respiration and perspiration

f-low normal)y provides more than enough
water vapor in the air for electro-

. F!GURE 9. SCHEMATIC DIAGRAM lysis to satisfy man's oxygen-
OF "P O " WATER VAPOR consumption needs.

-2v5

_ ELECTROLYSIS CELL From a configurational stand-

point 3 the water-vapor electrolysis
: cel] offers some interesting possi-

i billties. For example_ it may be
possible to construct the ceil as

i an integral part of the space suit

Vl. 3.19
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so that it is in close proximity with In addition, acknowledgment is

the astronaut's skin. This would made of the helpful suggestions and

permit direct diffusion of water pointed discussion provided by

vapor into the cell matrix, thus Dr. A. B. Chambers, G. Lyman, and

eliminating the need for a high Dr. T. W_deven cf the Envirom-

rate of air circulation within mental Control Branch, Biotechnology

the space-suit enclosure. Division, NASA Ames Research Center,
Moffett Field, California.
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DEVELOPMENT OF THE

PORTABLE ENVIRONMENTAL CONTROL SYSTEM

R. Norman Prince William J. O'Reilly

Crew Systems Division Project Engineer

I_IA_qAManned Spaceczaft Center Spac_ Environmental Systems

Houston_ Texas AiResea:ch Manufacturing Company

SUMMARY: The Portable Environ,mental Control System (PECS)
program began with development of two prototype units

which were successfully subjected to systems testing.

Test resultsj experience gained during the Gemini program_
and analysis of early AAP mi.sion requirements have justi-

fied the continuation of the program. This second phase
of the development will resu ' in fabrication and verifi-

cation testing of a prequalification prototype reflecting

a substantial upgrading in performance carabilities and
optimization for earth orbital or lu- missions.

INTRODUCTION P'!CSprogram development_ from

its inception to its present posi-
PECS is an example of an advanced tion_ is summarized in the PECS

technology program conducted for both geneology shown in Figure I. The new
immediate and long-term applications, technology inputs developed within

the framework of the program and
This program_ which beg_n in late supplied from contractor resources,

1964, was designed to advance the as wel! as the experience gained from
state of the art in portable life the Gemini EVA_ are shown here in

support equipment. Under the spon- calendar relationship to the program.
sorship of the NASA Office of

Advanced Research and T_chnology_ and New technology areas of special
the technical monitorshi F of the Crew note were: (I) utilization of the

Systems D.vision of the Manned brushless dc motor_ (2) the develop-
Spacecraft Center_ which was concur- ment of a high-efficienc_magnetic

' rently directing development of the 9ear_ speed reduction concept_ and
Extravehicular Life Support System (3) the study and development of

(ELSS) for the Gemini program_ the solid oxygen supplies (sodium
PECS program_ contracted to the chlorate candles) for extravehicular

AiResearch M_nufacturing Company_ A applications. The results of the

Division of The Garrett Corporation_ Gemini EVA experience became avail-
soon achieved a good balance of able late in the first phase of the

advanced thinking_ tempered or PECS program and were a major
abetted by actual flight experience, influence in problem definition for

I VI.4.1
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Figure I. PECS Geneology

subsequent development underway loop with a liquid-cooled garment. I
today_ primarily in the requirement In addition to transporting the

- for greater heat rejection (3500 Btul metaboiic heat from the liquid-cooled
hr maximum; 2000 Btu/hr average) and garment_ the liquid loop cooled and

I for maintenance of a comfortable suit condensed moisture from the oxygen

i environment for the EVA-ready astro- loop and maintained a uniform tempera-

i naut in the pressurized spacecraft ture for gas produced by the sodium

!• cabin, chlorate (NaCI03) oxygen +_enerator.

The oxygen loop included the fan

Additionally, the experience driven by a bru_nless_ photoelectri-

gained by both NASA and AiResearch cally cormnutated dc motor_ emergency
during the Gemini EVA program was ejector pump_ suit pressure control_
used in the more work-a-day approach

CO and odor control bed_ condenser_

to the PECS design philosophy and an_ condensate reservoir. Primary

packaging details, and emergency oxygen were supplied

from a NaCIO_ oxygen generator

PROTOTYPE PECS SYSTEM DESCRIPTION system which bled oxygen at a fixed
: rJte directly into t,e oxygen cir-

#

culation loop. Power and oxygen
The PECS consists of two princi-

'_ pal fluid circulation systems; i.e., could be supplied alternatively by
umbil,cal. A fully serviced proto-water for heat rejection and oxygen

for respiration_ suit pressurization_ type weighs 69.4 Ib with a volume of
I and carbon dioxide control. The PECS 1450 cu in. Complete recharge

prototype (Figures 2 and 3) water requires five NaC]O 3 candle/igniter

loop consisted of a pump magnetically assemblies_ water_ LiOH and canister_

!. coupled to the fan motor_ evaporatcr_ and battery recharge for a total of

evaporant reservoir, and an accumula- 20 lb. A hand-held control unit_
I tor, all of which completed a closed shown in Figure 4_ provided system

! control and _tatus monitoring.
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Coolant tem- 50 ±5°F

, _ . perature at
"" ' ,._ suit inlet

.Z'"', ,-',,_ _ PCO2 (first 7.6 mm Hg
" / 2.5 hr]

.': _,, pO (last I0.5 mm Hg
',' 1.5 hr)

• ;' '2 , " • v

"-_'_I I_' " Emergency 3() min

_l| • , oxygen

" ' "- (nominal)

' / '"
%_. --,. PREQUALIFICATIO' PLCS

Gemini EVA Background Experience

, Experience gained during Gemini
Figure 4. Hand-Held Control Unit extravehicular activities and sup-

. por;ing tests showed early estimates
of metabolic energy expenditures of

Initial Performance Requirements 1400 Btu/hr (nominal) and 2000 Btu/
hr (peak) to be quite low. Heart

With certain exceptions_ the per- rate measu-ements correlated to
: formance requirements for the initial ground simulations data indicate

F_'._.Sdevelopment were based on average energy expenditures of
! criter,a established for Apollo approximately 2000 Btu/hr_ with

extravehicular equipment design, peaks up to 3500 Btu/hr.

These requirements are as follows:
Another problem resulted because

the Gemini Extravehicular Life

Mission time 4 hr Support System (ELSS) rejected heat
by means of an evaporator-condenser

Heat load that required exposure to a vacuum

fer operation. During the fipal
Metabolic 1500 Btu/hr stages of extravehicular preparations
average prior to cabin decompression_ the

spacecraft ECS hoses were removed
Metabolic 2000 Btu/hr from the suit_ and crew members wer_

i peak left with little or no cooling. This
! was further complicated by certain

I Envi ronmental +250 Btu/hr tasks, difficult in nature_ that tile

, crew performed working againsv the
: Ventilation 3.5 ACFM constraints of a fully pressurized

flow rate suit. Under these conditior._ meta-

--,_ bolic heat was stored by the crew
.-, Liquid loop 140 Ib/hr until the evaporator-condenser,,
.-_ (H20) flow rate became operative_ i.e._ was exposecl

to a vacuum,

i
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Mission Considerations exceed the _apacity of expend- ..
able contained in a life sup-

Proposed AAP missions were por ,_pack_ whereas an
analyzed to determine design require- umLilical supply to the pack

ments for future EVA life support permits utilization of exi,.,t-
equipment. This analysis considered ing valving and pressure

the basic mission operations _sso- regulation components.
ciated with the various combinations Furthermorej use of _r

oF spacecraft_ airlock module/docking umDilical supply to tl-elife :

adapter, .rbita] ]abs_ and planned support pack will preclude

scientific experiments. Also con- the need for a separate, I
siderea were the contingency cpera- umbilical-fed prebreathe mask_

Itions of transfer of crewmen between the more complicated suit
undockeci vehicles; reservice and purge equipment and _,'oce-

activat , of a dormant environmental dures_ and the complex trans-
control system; failure of a cabin to fer frcm a mask to the suit

pressurize_ and requiren,_nt to loop while maintaining an 02
egress the parent vehicle_ ingress purge.
an unpressurcd compartment_ and per-
form necessarv corrective action; 2. Pre-egress checkout uf the

ll_--ir--_

retrieval of c_amagedor fouled EVA EVA equipment has become more

equipment; and initial checkout of (;omplex. During this period
vehicle environmental control the metabolic heat generateG .i"

systems, by increased activity may be •

removed by an umbilical-

It became apparent from these supplied coolant_ thereby_ l
considerations that even gr_ter use precluding the type of prob-
of the umbilical_ combined with the lems encouP,tered during

self-sustained capability_ should be Gemini tha," wo,,Id requ r, .
made. Typfca] instances are: cabin decompression before

the life suppo,'t system heat
I. System operation from exchanger (evaporator or

umbilical-supplied expendables sublimator) codld handle the
during pre-egress preparations m3tabolic heat ]uad.
to conserve self-contained

expendables for EVA. If an 3. Missions conducted on umbili-

EVA is to be conducted from a cals effect a substantial -}
vehicle with a two-gas oxygen/ reduction in post-EVA system
nitrogen atmosphere_ the crew- reserv_cine,

man must prebreathe pure

oxygen for approximately 45 4. Durinc umbilical missions_ if
: minutes prior to cabin decom- the umbilical bec.omes

pression. The oxygen for this entangled or is damaged, the
period must be supplied as a self-contained expendables •

! purge flow which exceeds allow the crewmam, to discon-

I closed-loop makeup flow. ne_t from the umbilical to I_.,_..

i Oxyger. for this purpose would complete his mission, When _:
i

I

I

1

I
!
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a pure umbilical system is the life limits of a bail-out

used the emergency system is bottle type system that is

sized quite conservatively to employed as a backup to a pure
allow little more than a umbilical system.

: return to the parent vehicle.

If the umbilical is damaged 8. The self-contained capability

i or fails, the astronaut could may also reduce spacecraft
i complete his scheduled mission modifications and duplication

or at least return the umbili- of syste,ns in space station
I

, cal for inspection and repair modules necessary to support
i while relying on the system's umbilical EVA or contingency

! self-contained expendables, transfers between vehicles
• during emergencies. A space

5. With an umbilical_ the system station may have a particulari
: may be operated to provide module for EVA support which
"! full cool ing_ ventilation_ _rovides for an umbilical

etc._ in a pressurized cabin_ system. Weight_ volume; cost_

such as a workshop_ where it etc., preclude using this same
' is desirable to conduct zero umbilical and its subsystems in

, 9 exper!ments that require all spacecraft that rendezvous
' simulation of actual EVA_ with the space station.

i.e._ pressurized suit_ etc.

' As previously indicated_ an
evaporator or sublimator
could not be utilized 2or

this type of activity. Increased Performance Requirements

6. Emergencies occurring during This evidence for increased per-

EVA's conducted without an formance capacity and flexibility
umbilical may be reduced in

was coupled with data from design

severity by permitting the verification testing of the PECScrewman to return to the
, prototypes, and the second phase of

vicinity of the spacecraft the program began; based on substan-; where he could attach an
tially upgraded performance re-

umbilical_ thereby, increasing quirementsj including:
the extent of his expendables

unti I he could ingress and EV__AA IVA
repressurize the spacecraft
cabin. Mission duration, hr 4 4

J

Heat load
7. Although a self-contained

system is larger_ it wi ! I Metabolic average, Btu/hr ZOO0 2000

permit umbilical-free trans-
fer from a tumbl ing vehicle Hetabolic sustained, 25C0 2.500

Btu/hr

to a rendezvousing vehicle.
This system will surpass the Hetabollc peak (10-rain 3500 3500
performance capabilities and duration), Btu/hr

VI.4.6
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Environmental, 8tu/hr _250 +250 parallel to the fan to
reduce pressure losses across

nti lation flow rate, ACFM 7 7 an i noperati ve fan. The

Liquid loop (H20 I:low rate], 275 2_5 ejector is automatically
Ib/hr actuated as a function of loss

or reduced ventilation flow

=uolant temperature of suit Z_l _4/-I 41 +4/-I _': rate.
inlet, OF

PC02 (normal and sustained), 0.5 O.5 d. A dual-channel RF transceiver

tnmHg with multiplex TM capability

was incorporated.
PCO2 (peak and emergency), 2.0 2.0

Hg e. A separate emergency battery

En,_rgenc.y , rain 30 30 was provided to power the
redundant pump_ the secondary

transceiver rnode_ and controls
_Based on umbilical water inlet temperature of

370F and displays.

f. Because of the extreme dlf-

P_requaiification PECS System ference in oxygen requirements

Description during nominal operation and
peak activity levels_ the

Using these requirements_ the NaCIO 3 oxygen generator

PECS was reanalyzed and the follow- imposed a volume and weight

ing changes were established for penalty. Therefore_ this
continuation of system development system was replaced with a

for a prequalification prototype 7500-psi9 oxygen supply
(Figures 5 and 6): system composed of separate -

but interchangeable emergency

a. A full umbilical operational oxygen storage and regulation
capability was provided_ modules. Oxygen resupply is

' i.e._ H20 _ 02_ power_ cor,_nuri- done by module replacement or>
where the facility exlsts_ by

cations_ and b:omedical

telemetry direct recharge.

' b. Provision for a redundant H20 g. The biomedical and system.. performance parameters were

i pump and motor actuated by a increased to include the , -"

:! loss of pressure head across following:
i the primary pump was incor-

i porated. I. Suit pressure
!
I

c. The ejector pump_ which 2. PECS outlet PC0 2previously had been in series

i with the fan, was relocated 3. Primary oxygen pressure

VI.4.7
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4. Emergency oxygen pressure 14. Condenser gas outlet tem-
perature

5. Battery volrage
15. Feedwater quantity

6. EIectrocar'diogram
16. Oxygen partial pressure

7. Impedance pneumograph

PQP weight and volume are esti-
8. Low ventilaticn gas flow mated at 102 ib and 3200 cu in._

respect i ve 1y.
9. Auxiliary pump activation

Reservicing the PQP expendables

I0. Battery current includes replacement of the primary
oxygen modules., water refill_

II. High primary 02 flow replacement of the LiOH bed_ and
battery recharge for an estimated

12. LCG inlet H20 temperature resupply weight of 36 lb. This does
not include replacement of the

13. LCG Delta T emergency 02 module.

T
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Figure 5. Prequalification PEC$ Schematic
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Figure 6. Portable Environnental Control System

Packaqinq vclume per se was broadened to con-

sideration of minimizing the critical

The prototype PECS system incor- dimensions of the man-pack system.
porated much of the same design

philosophy that was used in the The critical man-pack dimensions
Gemini EVA program_ i.e._ wherever considered were the distance from

i possible_ components and subsystems the front of the crewman's suit to

were shaped to fit the constraints the back face of the pack and man-

: of a somewhat arbitrarily selected center to pack corner. The compara-
i space. Iterations were made of the tire results of this approach are

entire pack until the maximum shown in Figure 7. Profile (a) shows '

I packaging density was achieved, these dimensions for the prototype
Weight_ accessibility_ and maintain- PECS and profile (b) for the pre-
ability were secondary to the mini- qualification PECS; the front-to-

I mization of volume, back dimensional increase is 1.3 in.

despite the _act that the total heat

For the prequalification PECS load is increased 33 p_rcent and the j
system packagingj a modification to maximum instantaneous heat rejectioq
this approach was considered. The rate was increased 75 percent. More-

narrow concept of minimum pack over_ the man-center to pack corner
' shows a decrease of 0.8 in.

I
P

t
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Referencing Figure 5_ the heat
X transfer subsystem cons;sts of:

• b. Evaporative heat sink

• c. Gas loop heat exchanger

PROTOTYPE PECS d. Water reservoir

a. ]ntercooler

I
:, l As stated_ the intercooler adds

i I to the system flexibility in that
i the suited EVA crewman now has coo|-

ing capability during in-cabin check-
J 22.8 out and EVA preactivities. The
i

I concept is valuable since it elimi-i nates the time constraint for ,
uncooled preparations prior to the _

_ actual EVA mission itself.

PREQ.UALIFICATION PECS

b. Evaporator

Figure 7. Combined PECS-PGA Envelope The evaporator is wick-fed, witha plate and fin construction similar
to that used on the Gemini and

Heat Transfer Subsystem Apollo ECS. The evaporator control
- is a wax-powered valve system which

controls the coolant loop tempera-
As discussed earlier, one of the

ture between the limits of 40°F and
design goals of the prequalification
PECS was increased flexibility and 45°F by means of water feed and

conservation of spacecraft expend- evaporant pressure control. These

ables. These goals are accommodated temperature limits are maintained
in the heat transfer subsystem, over the heat rejection range of 50

to 3700 Btu per hour, Higher
; primarily by the addition of the liquid-cooled garment temperatures
Z intercooler_ which provides (I) in-

cabin cooling for the EVA ready are selected by the astronaut by

crewman_ before egress to space means of a mixing valve.
vacuum_ where the heat is then

rejected to an evaporative heat sink;
and (2) the utility of the spacecraft

heat sink (radiators) on umbilical
missions, thus reducing the need for

water (an expendable) as a heat sink.

Vl.4.10
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c. Gas Loop Heat Exchanqer Operation of the hand-held control
unit relies on a fairly sophisticated

The gas loop heat exchanger electronic logic circuit which was
removes sensible and latent heat developed only to breadboard status.

produced by the man metabolic pro- The evaluation was conducted using
cess and by the chemical process of subjects in pressurized EV suits;
the carbon dioxide reactien with lighting intensities were varied to
the LiOH bed. The water conden-ed simulate day and night conditions.

in the latent heat removal process

is subsequently fed to and These test results have been

re-evaporated in the system heat incorporated in the studies presently

sink. For umbilical operation the underway_ to develop the prequalifi-
condensate is stored in the water cation PECS control and display unit.
reservoir. A chest-mounted unit is currently

favored because of difficulties

The gas loop heat exchanger is experienced in one-handed operation

designed for a maximum heat rejection and the need for controls and clis-
of 1756 Btu/hr. plays visibility.

d. Water Reservoir

NEWTECHNOLOGY
The water reservoir stores evapo-

rant water bsed during self-cortained A major consideration in the
EVA missions and stores water con- PECS program was the minimization of
densed from the gas loop during the use and/or volume of expendables.
missions where the intercooler is In support of this effort, two areas
used. The reservoir has a window of technology were investigated and
for verifying the adequacy of the ,_eveloped.
fill procedure.

I. The development of the

rotating component subsystem,
Control and Display Subsystem which included a photoelectri-

cally commutated_ speed-
The hand-held control unit controlled_ brushless dc

pictured in Figure 4j developed as motor; gas compressor; mag-
part of the PECS prototypej was netic speed reduction and

: evaluated by NASA astronauts and coupling drive train and

human factors personnel. These dis- liquid pump. All elements_ .
plays indicate system status by wayof including supporting electron-

= backlighted windows with superimposed ics_ are in one package.
lettering identifying the particular

j parameter. The controls are either
, manual-action (linear or rotary

motion) telefex cables or electrical
toggles and momentary pushbuttons.

VI.4.11
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2. The development of a solid cent_ in contrast to estimated

uxygen supply (NaCI03) of low efficiencies of 40 to 50 percent for
conventional gear trains delivering

containment yield with an the same power at similar speeQs and
t oxygen re.lease rate matched reduction ratios.
!, to metabolic requirements.

• The estimates of metabolic Also_ power is transmitted to theI
rate variation_ compiled from liquid loop pump by a magnetic

! the Gemini program_ coupled coupling similar to that used on the
i with data obtained from the Apollo EC/LSS water-glycol pumps. The

, PECS prototype program_ magnetic coupling eliminates the
i indicate that sodium chlorate requirement for dynamic shaft seals

candles are not_ at present_ and> hencej results in a completely
i a competitive concept. How- static sealed liquid system.
' everj the continuing develop-|
_ ment of high-mobility suits

and increased understanding a. Trade Studies
of efficient performance of

EVA tasks should reduce the Trade studies early in the PECS
! metabolic range variation to program determined quantitatively

the extent that solid oxygen the weight and volume savings of the

supplies are competitively dc brushless moto% as compared to
superior, the conventional ac motor inverter

system. These comparisons are sum-

Both of these developments are marized in Figures 8 and 9. For

discussed below, study purposes_ separate motors were
used for the compressor and pump;

Rotary Component "t'bsystem although the design point described

is not that of the present PECS

Minimizing the battery require- systemj the trends are the same. On

i ment (one of the four pack expend- the basis of battery design specific
ables) was the main motivation for energies (3.0 w-hr/cu in. and 35
adopting the photoelectrically tom- w-hr/lb)_ the volume increase is
mutated_ brushless dc motor concept. 11.7 cu in./lb of weight increase.
In addition to the higher effi- The penalty studies were based on
ciencies (and smaller battery) the following flow rate and pressure

obtained by the use of the brushless drop conditions:
dc motor itself_ additional reduc

tions in power were achieved by Water 250 Ib/hr at 5 psi

incorporating a magnetic gear- pressure rise
reduction train. In thls approach_

one motor drives both the gas loop Air 5 cfm at 3-in. H20
compressor and the liquid loop pump_ pressure rise
each at their optimum efficiencies.

The magnetic reduction gear system
itself has an efficiency of 78 per-

VI.4.12
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I0
PUMP, 250 LB/HR AT 5 PSI ('13,9 W)
COMPRESSOR,5 CFM AT 3-IN. HzO
(11.7 W)

BATTERIES, 35 W-HR/LB j ]
8 _ ]Jr PUMP, 250 LB/HR AT 5 PSI (6.9 W)

/i COHPRESSOR,5 CFMAT 3-IN. HzO (5.7 W)
BATTERIES, 35 W-HR/LB

: >: 6

o. _" BATTERI ES

° /" 7
"-; J BA_:_ _, FIXED _ FIXED

0
0 2 4 6 8 0 2 4 6 8

MISSION DURATION, HR MISSIOP_ DURATION, HR

Figure 8. Electrical-Energy System Figure 9. Electrical-Energy System

Weight (AC Motors) Weiclht (Brushless DC Motors) --

As shown in Figures 8 and 9, for that eliminates sliding contact

an 8-hr mission, the brushless dc brushes and the accompanying fric-

motor system is 3 Ib lighter than tion, arcing, and wear. As a result,
the ac motor system. For repetitive the motor has a longer life,

: missions the expendables difference virtually no radio-frequency inter-

is, of course_ additive, and can ference, and a high efficiency-to-
amount to substantial weight savings, weight ratio. A simplified schematic

of the solid-state commutation cir-

cuits is presented in Figure I0.
b. The Brushles_ Dc Motor

i For the PECS application, a
The photoelectrically commutated brushless dc motor would weigh

brushless dc motor is a relatively about the _ame as a comparable ac

new development that eliminates the motor inverter and would occupy less
usual dc motor brush problems. The space.
function of the conventional brush

commutator is duplicated by a solid-

state electronic switching system

i

i
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Figure !0. Simplified Solid-State Circuit Schematic3 Brushless DC
Motor with Photoelectric Commutation

In the brushless dc motor_ the sta]led current conditions. The
rotor is a permanent magnet field i ronless stator design allows more
and the stator resembles a conven- space for copper and accounts for
tional armature winding without a the improvement in efficiency.
mechanical commutator. A series of
matched solid-state light emitters A cutaway view of the construc-!

and detectors are mounted within the tion of a typical brushless dc motor

housing. A cup_ which is rigidly is shown in Figure II; the complete
attached to the rotor_ rotates PECS machin% including the magnetic
between the light emitter and reduction gear and coupling_ is
detector. Holes in the cup allow shown in Figure 12. Figure 13 is a
specific detectors to be energized photograph of the compressor-motor-
when the rotor field is aligned with pump system used in the PECS proto-
a specific stator coil. The light type system.
detector signal is used to switch a
power amplifier which excites the
specific stator winding with rated
direct-current'voltage. The rotor
magnet is air-stabilized and will
not be demagnetized by transient or

VI.4.14
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c. Maq,letic Reduction Gears andARMATURE(STATOR)
WINDING Coup ] i ng

ROTOR The magnetic reduction gears

_OUTPUTSHAFT contribute to the overall machine

J_ _ efficiency. In addltion to thisSIGNALOUTPUT 7 increase in effi ciency a_hieved by J"_

_LEADS _ _/_...\/ x the gearing_ the use of the magnetic •

: clutch_ which is similar in concept_ ,

_' i provides a safety feature not avail-
• able in dir__ct_ shaft-driven systems.

Should the liquid pump seizej due to
bearing failure or ingestion of J
foreign material into the pumpM

\ _bi_-_t'_'_'_¢_/_/_f --THROUGHSHUTTER impeller, the torque on the magnetic •

_\/__S_TTER coupling will increase until it "i'
exceeds t_;c-design value (4.2 in.-oz).

;pH_zsSTE_RsITIvE- When this occurs, the magnetic drive
EMII"rEK_ Wi 11 declutch and the resultant _

torque on the_ motor-side_ magnet

Figure II. Brushless DC Motor "

}

,,_ PHOTOELECTRICCELL : :

._eue_w:s
\ _OONNECTOR J

; •

i
B

' COUPLWG .._

2.0 IN.

4.SIN.

!
i.

Figure 12. Complete PECS Machine Includin 9 Magnetic Reduction Gear
and Coupling
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Figure 13. Compressor-Hotor-Pump System Used in PECS Prototype System

taminating the oxygen environment,will approach zero. Thus a failure
i_ eliminated. The volume and weightin the liquid pump will not cause

the motor and gas compressor to stop. advantages that accru- = from minimiz-
ing power requirements :,_ running
both the pump and compressor nearMagnetic gears are directly

analogous to conventional gears with peak efficiency while using a single *
,. teeth_ the difference is in load motor are realized without sacrifice

transmission, Where conventional of part of the advantage to cover
th= friction losses which results

gears transmit lr_ads from tooth to
from driving a poorly lubricatedtooth, by physical contact, the mag-

netic gear train transfers the load gear train. The braking torque of
by magnetic field interaction of the magnetic reduction gears has

been designed for 2.1 in.-oz. Theopposing magnet "gear" poles with no
physical contact. The elimination of starting and running torques are
mechanical contact enhances the value 0.8 and 0.2 in.-oz_ respectively.

In case of a momentary overloadof magnetic gears for this applica-
tion. The difficult problem of that might cause breakaway, a pin
lubricating gear teeth without con- cog mechanism has been provided in

the reducing gea. s.
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d. Performance of the PECS _tI_ICATIOU _CS
C_ompre sso r -Mo to r- Pump C0m_SSS0_-,OT0m-FU,P-ASS[mLV

Conp ressor. _ _lO, (XX)

The perfolmance of the PECS
P_, rl_ SO00

Rotary Co._o_ents group is shown

below, Although performance figures c_ _1o_ ..t.. d. 70 .t 5.7 psie

are given for a nominal 24 v, the ;_ pressurerise, 7.0
performance Of the machine can be i,. nz0
expected to be substantially the v.t,r rio-rate, ebrhr z75

the of
I --

same over range VOl[ages Valet pressure rise. psi 7.0

sho_l. For example_ tl-e performance
qqotor efficiency, 75

variation_ in terms of efficiency vs percent

rpm and shaft torque, is _ho_n in
Compressor _fi ciency, 65

F,.'gure !4. The _a_a _'_ plcp_ _rcent

from tests of the PECS prototype ,_ret;c 9ear, ,ff;- 71
SyS tern. c_en(y, perce_t

I_*etlc cou_lir. 9 effi- 90
C _CV_ percenE

0vp..,'el I efficiency. Z5.9
pe _cent

.olr,a'_ variltioet 17.6 to _0.0

e|ncludes bear|r_l and _ndLl_les losses

28,000

- 26,000

I F SPEED 24,000

J ._._...._. 22,000
I--

.z IO0 20,000

•- 80 _ 16,000 .
u L-_

IAI

_ 70 t4.ooo-'_
_-- EFFICIENCY I

• _ 60

/

_ 20 /
1 /
• Io I

/

; 0 0.25 0.50 0.75 1.0

TOR(_UE,INCHES-OUNCES

Figure 14. Brushless DC Motor Performance Curves
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Sodium Chlorate Candies

[ : ! _ L
' i iThe relat;vely high concent-ation _ I , . ;

of available oxygen contained by l I L_: IA : -_- 1

sodiumchlorate has stimulated the __._: ,_development of the chlorate candle ,,--,-,- I II i ......
as a comi_etitive source of breathing |I ! I _ i ! /-'

"I ! I' I ! I , I i

oxygen for use in restricted environ- =_" J/J' _ i

mentssuchas submarines, airplanes. I: i ; - --. ....
! fli i i ......_ and_ most recently, space application . , . .. .........

(Table I) I [ I '_. i i 1 . . 1 i" [ [ ! L : i [ L l _ L

..... ,_.=,T'_ " .....
TABLE I

ox-_-_z_s_F_._r c.;_::z_:st:cs Figure 15. Differential Ther.._a!
Analyzer Oate for

I GO2f Pure NaC ! 0 3' HaCl03| LOX 7500 psi

t
rheoretl cal P_rfor_ance j

Veight , Ib 02/ib source O.&51 I 1.0 1.0

Density, Ib Oz/cu ft s 70.1 I 71.3 36 NaCiO 3 (Solid) - NaClO 3 _Liquid)

The onset of rapid decomposition.

Devices for generating oxygen by which is cxothermic, takes place 3t

the pyrolysis of sodium chlorate have 478°C (892eF) and the overall reac-
been described in the U. S. Patent

tion is described by the equation:
literature as early as 1888. Hore

recent studies on oxygen candles have
been conducted under the sponsorship

i of the Naval Research Laboratory, NaClO 3 (Liqui d)

3 02 (9_); Washington_ D.C., the Aerospace -NaC! (Solid) + _
; Hedical Research Laboratories, ano

presently by the NASA Harmed

Spacecraft Center_ Houston_ Texas.
The endothermic reaction occurring
at 799°C (1470°F) represents the

Chemistry fusion of sodium chic.ride: ,

; Analysis by differential thermal NaC1 (Solid)_ NaC_. (Liquid)

analysis shows that conversion of

chemical oxygen into molecular oxygen

(Figure 15) occurs in the following
sequence. Pure sodium chlorate melts

at approximately 260°C (500°F) and

appears as the endothermic reaction:

VI.4.18
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The endothermic reaction follow- ®

ing the fusion of sodium chloride ,_=,_c_,,,_,,_._,_
has been shown to represent the vola- h" _-" "-_--' ,_.z=,c

tilization of NaCl. This latter point I ....... --'
is illustrated by thermal gravimetric | "
tests _not shown) that show initiation .
of weight loss !' i.e.j the occurrence I |
of submlimationl at temperatures ,L,, .., ,._,0=a, I

below the melting point of _2.... _* _,_ ",'"z _s''_slightly

sodium chloride. Heat management_ _ _,_._.z_-_ _,---,
therefore; becomes a significant "
factor if aerosolization of the NaC!

is to be avoid_d_ i.e._ the maximum -_-:,=_,,-_-,s= ---_ '
temperature of the candle should be _.¢%',= "-=,=.' _)
maintained kelow the meltina point of _,_,0._,_._=,
the sa I t to avoid excess i ve-p roduct ion "_"_='" _'_ =z=. z_-c
of NaCI vapors. _"

®
slrSll_ _.Alr UEM

%..=o u_

Since the heat of decomposition

of NaClO 3 is insufficient to sustain Figure 16. Thermal Balance on NaClO 3
a thermal balance _Figure i_)), addi-
tional heat _fuel) must be contin-
ally supplied to the system. For
this reason_ a powdered metal such
as reduced iron. is usually mixed "'
with the chlorate and_ upon ignition_
undergoes oxidation to produce the
heat required to sustain a self-
propagating reaction. Barium m_T,O.
peroxide is al_o added to the mixture

! to serve as a catalyst and_ in addi- rJuet_
tion_ can combine with any halogen c_msm
evolved to further ens_Jre the purity

: of the product oxygen. Fiber is st_[v[
i usually incorporated into the
: mixture so that it may be compounded

; into a rod-like shape for (I)strut-_m_C
tural integrity and (2) physical ,

; retention of the burning front. A

i typical configuration for a chlorate
• candle oxygen generator is shown in

i Figure 17.
I

1
OXY_II

': Figure 17. Chlorate Candle Assembly
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a. Program Backqround surge and storage capacity to com-
pensate for irregubar ca6dle burn

Investigations of the. literature rate_ deficiencies in thermal manage-
and an examination of existing hard- ment_ and scrubbing equipment to
ware indicated that the oxygen gen- remove contamination present in the

eration requirements for the PECS evolved oxygen (Table 2). Further_
would not be satisfied by existing the rate of oxygen evolution for the

state-of-the-art chlorate candle PECS candle shoulcl be designed to

technology. For example, the match the metabolic rate of one
i sodium chlorate candle systems used astronaut_ which is an order of

onboard submarines have available magnitude less than previous require-
ments.

TABLE 2

, $00]UH CHLORA]ECANDLE
PERFOIVtAHCE SPECIFICATIONS

U.S. f_avy
Submarine FECS

Spec! f ica t ion Requi rement s

4 Burn durat'ion, ,,in 40 - 60 60 -"70

; Raximumoxygen flo_, Ib/hr 5 x avg 0.631

Ignition match No. II coated" electrical
foundry nai I

Oxygen purity, volume percent o 99.98

Colhtaminants

14ater vapor, Hg/L I0 0.05

Chlorine, Ppm I0 O. I

Carbon monoxizle, Ppm 25 5.0

Acetylene (C2H2) , Ppm w 0.02

Ethylene (C2H4), Ppm o 0.2

Ethane (C286), PlPm " 2.0 '

Nitrous Oxide (N20), Ppm w I.O

Ilalogenated ci:_pounds o O. I

' Hethane (CH4) , PlPm Jl. 25

C3 and higher hydrocarbons w 1.0
.

; (C6HI4 equivalent), Ppm

Carbon dioxide (C02) , Ppm • 5.0

Other, Ppm _ O. I

_Not specified

Vl.4.20
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b. Prototype Generator Studies sublected to design verification

testing. The logic system_ shown

During the early stages of the schematically in Figure 19j automati-
PECS Program_ formulations for the cally sec'uenced the candles in series
candle and ignitic)n train and manu- fashion to provide a constant flow

facturing methods were established, of metabolic oxygen for the mission.
The effects of candle diameter_ gas The control logic also provided

pressure_ and thermal soak tempera- protection against the contingencies
ture on the linear burn rate were _. ;3nition or candle burn failure_

investigated to determine the optimum b_- automatic progression and ignition
configuration for thermal control. 3f the next candle. One candle in

_ prototype five-barrel oxygen gen- the generator subsystem was designed
erator (.Figure 18) with vacuum to prov:de an emergency flow rate of

jacketing and radiation heat shields 0.7 Ib/hr and was manually ignited.
was designed, fabricated: and

i

i

i, Figure 18. Prototype Five-Barrel Oxygen Generator
t

I

b
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, ......... CURRENT STUDIES

Manufacturi n.c]

__j _ During the current prequalifi-

cation PECS program_ a review of the
major candle fabrication processes
was undertaken in an effort to

(I) further increase the equivalent
•,..... stored oxygen density and

........ (2) increase the uniformity of the

_-] candles produced. (During the PECS
prototype program the stored density
was 52 Ib per cu ft with a variation

Figure 19. PECS Control Logic of ±5 percent.)

Techniques and equipment for

compression molding, casting, and
rlneof the major goals of the extrusion (Figure 2l) were evaluated

i" prototype test was to achieve uniform for their ability to reproduce a
i oxygen production. Typical results, uniformly dense candle structure. Of
i taken during the test series are the three processes examined, hot
. shown in Figure 20. Oxygen outlet compression molding was selected as

temperatures were in the range of a first choice. This method was
90 to 130°F. Clean ignition, how- successfully employed in the labora-
ever, proved a definite problem due tory to fabricate candles possessing
to the use of commercially available a density in excess of 98.5 percent
electric matches, not designed for
this application.

1

.,

_ .,zT

2C " -- ---

G iii iillllll llf,llllll iii llll_ ii iIII IIII ii

0 SI _ .j

"" "" .-.,v I11 ....

CJSTI_

i Figure L(J. Pressu:.. vs Time Curve
for Oxygen Generator
Verification Test Figure 21. Oxygen Candle

Process in 9 Techniques
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ot the theoretical value for this contaminants. Present efforts have

formulation and compression strengths also been directed to determine the

exceeding I0_000 psi. The theoreti- feasibility of utilizing a canned

cal oxygen density of the formulation igniter (pyrotechnic heater_ to

used (NaClO 3 86.5 percent; BaO 2 effect a single stage ignition
sys tem.

4 percent; Fe 3.5 percent; glass

fiber 6 percent) is 59 Ib/cu ft.

This process was selected as superior MISSION IMPACT ON OXYGEN

to the casting process which had SUPPLY CONCEPTS
inherent problems of porosity and

settling of the constituents. Pre-
The uniform oxygen production

]iminary tests utilizing the extru- rate of the sodium chlorate candle
sion method show promise that this

is ideally suited to uses where a
technique could supersede hot

constdnt_ or near constant_ mass
compression moiding_ because of its

rate of supply of oxygen is required.
higher production rate capability

and lower tooling costs. However_ The volume advantage of the solid
further development is required.

oxygen supply concept diminishes_

however_ in proportion to variation

in oxygen flow rate required during

Ignition Train a specific use cycle. The compara-

tive weight and, more importantly:

The poor reliability and contami- volume aavantage of the chlorate

nation problems experienced with the candle subsystem is shown for the

electric match ignition prompted a PECS in Figure 22_ as a function of

reexamination of the entire igni tion the change in the metabolic rate of
system_ i.e._ the igniter_ start the EVA crewman. The abscissa of

pellet_ and igniter cone. An exami- the two curves (a) and (b) is given

nation of various electrical igniter in terms of delta (or the variation

products_ showed that a charge in) metabolic rate. The absolute
composition_ consisting of zi,conium metabolic rate at the delta base

iron oxide and diatomaceous earth, point of zero_ was taken as 500 Btu

produced the least amount of gaseous per hr.

, . 0.160 -- _ 20

i _ _ 4 HR MISSION NaC)O 3
; z: _ 0.150 _ 7500 PSI CO2 2,000 BTU/HR 18 _ '_

MJ I.-

: _ O.l_O aCl03 AVERAGE) -- 16 __ o

i ". 0.I_ i ; ; ' • I I I _ 12o_ _.
I 0 500 1,000 1,5002,000 2,500 0 500 1,000 1.500 2,000 2,500
! OELTAMETABOLICRATE, BTU/HR DELTAMETABOLICRATE, BTU/HR

' (a) (b)t

" *DOES NOT INCLUDE 9-POUND BATTERY

:' Figure 22. Parametric Comparison of Oxygen Requirements for PECS

:, ¥1.4.23
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Referencing curve (b) of Figure c. Constant mass flow delivery

22_ the maximum metabolic rate at variable pressure (IS to
variation considered in the proto- 500 psi)

type PECS program_ was (2000-500)
or 1500 Btu per hr. As shown_ the d. Programmed delivery variation

candle concept still exhibited a (by varying candle cross
volume advantage_ even though the section)

: metabolic rate varied by a factor
of four. The results of the Gemini e. Oxygen storage space is

: EVA program indicated_ however_ that irregularly shaped (if
a metabolic rate variation by a variable mass flow delivery
factor of seven (3500-500) is possi- is acceptable)

' ble; at least under then existing I_
'_ EVA technology. The prequalification f. Uncontrolled temperature

PECS wa_ therefore designed conserva- environment (-200 to +300°F)

i tively to meet this metabolic rate
variation and 3 hence 3 the '-mailer

(high pressure gas) oxygen supply CONCLUSIONS
! concept was adopted.
i I. The versatility of the self-

i In the PECS program the use of contained Portable Environ-
chemical oxygen supplies has been mental Control System has

confined to use on a back pack been enhanced through incor-
system. Decreases in the variation poration of umbilically

of the oxygen use rate are required supplied utilities for pre-
breathing_ on-board cooling

to optimize the sodium chlorate gen-
erator for this type application, and near-vicinity EVA.

This is logical by improved space

suit design (to reduce work expended 2. The two factors having the

in overcoming opposing suit forces) the greatest impact on system

and by EVA task design_ such as was design are increasing work
successfully done on Gemini XII. loads_ based on previous EVA

experiencej and the incorpo-

Solid oxygen supplies also have ration of provisions for
mission contingencies.utility elsewhere in manned space

exploration provided that3 as in all Improvements such as the
concepts_ the use is tailored to the increased efficiency of a fan

and pump driven by a singlecapabilities of the concept in

question. Typically_ the chlorate photoelectrically commutated
candle concept is suited for appli- motor and high packaging

cations having some or all of the densities have worked to off-

following requirements: set the above factors.

a. High density (59 Ib of oxygen
per cu ft)

b. Indefinite, zero lossj

standby (hard vacuum preferred)

Vl.4.24
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3. At present_ a sodium chlorate rates will_ ho_ev_r_

oxygen generator is not the re-establish the NaCIO 3 gen-
optimum oxygen supply concept
from the standpoint of weight erator as a competitive• concept for extravehicular
and volume for self-contained life support systems.extravehicular astronaut life

support systems_ where there 4. The sodium chlorate candle_
is a large differential
between nominal and maximum as presently developed_ is
oxygen consumption rates, applicable as an oxygen

, Reductions in these differen- source where high-storage
density storage_ coupled withtials_ through suit tech-

nology advances and/or the long standby in ,_ hostile
environment is i._quired.development of a means of

varying oxygen production

i
I
I
i ""

!
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FIRE RESISTANT SPACESUITS

J. A. Wrede and J. E. Crawford

Aerojet General Corporation, Space Division
E± Monte, California

SUMM/_.Y: Metal faOric has been eff'ciently .it]nedby spot welding

and suitably coated to provide imlervious, f_ b2_ composites for

general application to inflatable high effic ...._ pressure vessels. _
very significant advantage of the coated l_-.,,{1fabrics for space |applications requiring flexible structures is the zetention of the

structural integrity of th system in extremely high temperature
environments.

The preliminary spacesuit study included the evaluation of several
elastomeric sealant/metal fabric material combi._tions. A silicone

rubber was selected as the elastomeric sealant displayir_ the best
combination of required properties. Several flexible, cylindrical

pressure vessels were fabricated from Kar_ fabric and were intern-
ally coated with the silicone rubber to simulate a spacesuit limb.

The cylinders were pressure cycled to proof pressures over 200
times with no measureable change in leak-tight integrity. Also it

was demonstrated that the cylinder could withstand a "burst" test

at a pr( _sure of 3_.2 psig for over 15 minutes with ne observable
structural degradation or permanent deformation.

New materials systems and tech- ion to inflatable high efficiency,
nologies have been investigated for structural pressure vessels such

solutions to the problems associat- as re-entry vehicles for the re-
ed with high temperature and fire covery of both manned and unmanned

resistant flexible pl-essure vessels payloads and as blast and radiat-
such as space suits. The material ion resistant enclosures. Other

s)stem utilizes a high temperature applications include high Sl_.ed.

metal fabric, joined by a series of high "q" decelerators and re-ent_
spot welds, and an impregnated or drag devices, etc. A principal

coated elastomeric sealant. The advantage of this technology for _"
spot wc._i seams are very flexible flexible and inflatable structures

and have consistently demonstrated iz the retention of the struct_mal

joint efficiencies of 85-95 percent, integrity of the system at temp-
even at temperatures ever 900 de- eratures well above even the melt-

grees Farenheit. ing point of "S" glass (1535
degrees Farenhe_). Figure l, a

These matarials systems and graph of normalized fabric tensil_

technologies have general applicat- strengths vs. temperature,

!

b---
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illustrates the significant advant- healed condition metal filaments

age of metal fabrics for flexible have an elongation more than twLce _,
structures which must operate in as great as Fiberglas, which per- _

high temperature envlronments, mits the redistribution of high
localized stresses. Disadvantages

Metal fabrics have many distlnc- of metal fabrics include a lower

! tlve ad._antages for these applicat- strength to weigPt ratio at =oom
: ions. In addition to their high temperature and some reduction in

temperature resistance, the thermal flexibility.

i conductivity of the metal fabric
i assures dissipation of the teat from The selection of the #articular

! local hot spots, thereby reducing impregnant/sealant used with the

the temperature of surface and sub- metal fabric to obtain a composite
i strate materials. Other desireable is obviously dependent upon the

characteristics include a high mod- use for which the composite is

ulus, the electrical and mechanical intended. Several different elas-
: properties associated with metallic tomers were evaluated as sealants

materials, as well as excellent tear for an astronauts space suit _nd
and abrasion resistance. Fold several simulated space suit limb

endurance, according to the )(IT segments were £abricated and test-
Tester, is about equivalent to ed during a re_ent program for

Fiberglas. "S" glass fabrics, a NASA/_C (N_ 9-7253).
primary competitor for m_ny high

temperature applications, are speci- The sealant evaluation was

fleA,fly not recommended for appli- directed primarily toward the
cations in which severe folding and evaluation of flexibility, abras-

packaging are followed by high ion resistance and flame retardant

temperature flexing; the metal properties of selected elastomeric
fabrics, however, do appear tc per- materials. As flame temperatures

form satisfactorily. In the an- typically are a minimum of about

I00

/5 %

NOIU_MJZIED
FABRIC TI_ISIUE

o I I I
0 _0 I_0 IS00 2000

Figure.I. Normalized Fabric Tensile Strength vs. Temperature
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Table i

S_ MATERIAL TRADE-OFFS

oF _uco_

_-_:_ (_

|

|s

u

1500 degrees Farenheit, there are system would not he too signift-
no known elastomers (or non-metallic cant as the fabric would serve
fabrics) that viii not decompose or as a very large beat sink with
burn, if exposed to these temper- excellent heat transfer charac-

atures for a sufficiently long teristics, thereby reducing the

period of tim. Therefore, the flame temperature below the
fundamental problem was related to propagation point.
a trade-off between critical mater-

ial characteristics, as illustrated The primary candidate sealants
by Table i. In addition to the were silicones, CSR rubber,

principal trade-off parameters list- fluorocarbon rubbers, and poly-
ed in Table 1, other factors con- imides. The CNR rubber and
sidered in the sealant material polyimides were not experimentally
selection were oxygen permeability, evaluated during the contract

rate of decomposition or flame because of availability and/or

propagation, heat transfer charac- processing limitations. Test
teristics, impregnation or coating coupons were fabricated from the
processing requiremnts, and avail- modified silicone and from Viton

ability. Composite systems of B fluorocarbon rubber, using a
; several sealant materials were also 1.0 raildiameter filament nickel

: considered, such as an external chromium or Karma alloy fabric.
coating of carboxy nitroso rabber An external coating of PEP Teflon
(CS_) to provide flame resistance was laminated onto some of the

with an internal silicone pressure test coupons. Stoll and Taber

, bladder. It was also considered abrasion tests, a 180 degree

probable that the flammability bend flexure test, and flamma-
characteristics of the elastom_r bility tests were performed.

°-
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Only the Teflon coated specimens any of the flammability tests.

were significantly saperior in the The results o£ some o£ the tests

abrasion tests. For example, in on horizontally mounted samples

the Taber test (i000 gram weight, are presented in Table 2.

70 rpm) a Viton/Teflon sample lost

only 0.1h percent by weight after No significant difference be-

5100 cycles whiXe a Viton sample tween the silicone or the Viton

had lost 1.7 percent by weight sealants was evid, nt as a result

after 2500 cycles. The flextu__ of the three types of tests dis-

test showed that the parent metal cussed above. .,_nesilicone was

fabric performed about the same as therefore selected for further
all of the coated samples, studies, primarily because it was

more flexible than the Viton. A

_- In the standard flammability composite of Teflon on the extern-

tests, where the specimens are held al surface for abrasion resistance

vertically above a specifically and silicone for sealing the inner

sized ignition sot_ce, all of the surface of the metal fabric was

! eiastomer coating materials burned selected as the most promising
in a 16.5 psia oxYgen atmosphere, sealant material system.

: None of the coating materials

: burned under the standard test Three test cylinders, repre-

condztions when a sufficiently sentative of a flame resistant

large specimen was mounted hori- astronaut suit section, were fab-

zontally above the ignition source, ricated in order to demonstrate

thereby reducing the influence of the applicability of the materials

edge effects; however, the coating system to a space suit. The

on the horizontally oriented demonstration and test articles

samples was induced to burn when were_ 7 inches in diameter and 24

four pieces of facial tissue, in- inches long with 18 inches of

stead of _he standard two pieces, unsupported metal fabric. The

were used as the flame source, longitudinal seam in the i.0 rail

The metal fabric did not burn in Karma fabric was made with a

VI.5.4
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special spot welder: as discussed The simulated space suit limbs

later. The fabric was circumfer- had excellent structural integrity
entially heliarc seam welded at and flexibility. The circumference

i e_ch end between two 0.060 inch of one of the cylinders was

thick 300 series stainless steel measured during proof pressure
sheets to produce a joint efficien- tests and the diameter increased

i cy in excess of 95 percent of the only 0.0_0 inches (0.07 percent)
parent fabric strength. Calendered between 5.0 and 20.0 psig, and no
silicone sheets 0.015 inch thick hysteresis was observed after 200

: were applied to the inside of the cycles. Figure 3 is a photograph
cylinder and the elastomer was of this cylinder, at an internal •

_ cured. Bondable FEP Teflon was pressure of 20 psig, during the
4 : also applied to a portion of the cycle testing. No degradation

) surface for comparative evaluation, was measured or observed, and the
Aluminum rings wlth "0" ring seals leaX rate remained (:cnstant after

,' were bolted and sealed in each end the pressure cycling. Assuming

to provide mounting rings for end zero leakage through the end• closure plates. A photograph of seals 8_idfittings the leakage
one of the cylinders is showr._in rate through the coated fabric

Figure 2. was calculated t_ be 817 cm°/
i

Vl.5.5
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sq.ft./24 hours at i0.0 psig. A the lin:s of a space suit.
'%urst" test was conducted for 15 Accordingly, several s_ll coupons

minutes at 34.7 psig. Thig pres- were fabricated from _ nickel
sure allowed for a factor-of- chromium _lloy fabric whose ten-

safety of 2.0 in the calculated sile strength was about 1TO pounds/
hoop tension yield pressure. As inch. The filament diameter of

before, no degradation of the this fabric was 1/2 rail,and the
structure or sealant was observed fabric was T mils chick. No

during or after the test. problem was encountered during ,
the processing of these samples,

The 1.0 mil diameter filament and the flexibility was greatly
metal fabric used during the increased because of the smaller
majority of this program was 14 diameter filaments and reduced
_ls thick. The ultimate tensile thickness of the metal fabric.

strength of the cleaned fabric in The coupons represented a very
the warp direction was 318 pounds/ attractive composite from which

inch with a yield strength of 286 a space suit could be fabricated.

pounds/inch. This tensile strength
is about twice that required for

VI.5.6
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The spot weld technique for with a 99.95 percent confidence

joining metal fabrics was developed level. As many as five layers of

during a contract with the Menu- fabric can be joined such that

fa_+l_ring Technology Division, AF intersecting seams and multiple

M_terials Laboratory (AF33(657)- plies can be accommodated, per-

10252). Numerous joining methods mitting the construction of sur-

for m_king high efficiency seams faces with compound curvatures.

in metal fabrics were studied dur- The previously referenced metal

ing this program, including sewing, fabric made from 1.0 rail diameter

exothermic brazing, resistance filaments of Karma alloy was used

brazing, interrupted and continuous during this study. A photograph

seam welding, ultrasonic welding, of the spot welder is shown in

and spot welding. The latter Figure 4.

method was ultimately selected

as the most satisfactory. _"T_eAir Force contract was

directed at the development of an

Joint efficiencies of greater inflatable re-entry glider. To

than 90 percent have been reported provide a suitable pressure bladder,

for sewing techniques; however, a techniqu_ to completely impreg-
this requires a relatively stiff nate the metal fabric with a

double-fold or French seam which silicone elastomer was developed.

results in four layers of fabric The impregnation system avoids

to join two pieces. Also, this entrapped air spaces which would

joining technique does not permit blister upon ejection into She

the fabrication of high efficiency space vacuum. It would also

crossing or compound seam inter- minimize heat conduction and

sections. _ne brazing techniques internal abrasion during flight.

in general resulted in seams that An external coating of an ablative

were too rigid. Seam and ultra- silicone was applied to provide

sonic welding caused severe weak- thermal protect# on to the system.
ening of the fibers adjacent to

the weld and therefore resulted During this program a number

in low joint efficiencies, of components were tested using

simulated re-entry loads and

The spot weld seams were the ,emperatures to prove out the

most flexible and did not severely design technology as well as the
damage the fabric even without an fabrication methods. All of the

absolute inert atmosphere. The test components failed at internal

joining technique developed con- pressures in excess of that

sists of two rows of closely spaced, theoretically calculated regard-

small diameter spot welds with the less of the effects of previous

rows about 1/4 inch apart and using packaging, creasing and folding,

1/2 to 3/4 inch overlap of the or high bending, shear and torsion

fabric layers. Extensive quali- loads even at environmental test

fication testing on this welding temperatures as high as 2000 .
system showed that the weld strength degrees Farenheit. The high burst

exceeded 85 percent (even at temp- pressure indicated that these

eratures above 900 degrees Faren- factors had little, if any,
heit) of the parent fabric strength detrimental effect on the ultimate

|

i
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; Figure 4. Metal Fabric Spot Welder
J

strength of the component. These

observations indicate the superior-
ity of elastomer coated metal

fabric composites for flexible and/
or expandable space systems which +
must function in high temperature
environments.
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ASSOCIATED SPACE EXPERIMENTS AND SIMULATION

Session Chairman: Colonel J. Green

SAMSO Det. 2, AFSC Field Office
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EXPERimENT :4-509

ASTROI_AUT _4ANEUVERIEG EQUIPMENT

Capt. C. E. _nitsett, Jr.

Experiment Principal Investigator

Crew Systems Division, NASA Manned Spacecraft Center

Houston, Texas

SC_V_bRY: The proposed experiment w_id be an inflight
investigation of man's maneuvering capability. Several

different types of astronaut maneuvering unit concepts
would be evaluated using a single test vehicle. The

data gained would be used to develop a maneuvering

technology base and to calibrate ground-based zero-
gravity simulators.

INTRODUCTION

Two maneuvering units were the EVA prior to any use of the

developed for the Gemini Program: HHMU. Body-positioning problems

the Hand-Held Maneuvering Unit during the Gemini IX-A mission EVA

(HHMU) and the Astronaut .Maneuver- lead to fogging of the pilot's
ing Unit (AMU). Neither unit visor as he attempted to check out
received sufficient evaluation and don the AMU. The AMU was not

_ during orbital flights. The H}KMU flown on the Gemini IX-A mission
was used during the Gemini IV and was dropped from the Gemini
mission, but limited propellant XII mission so that time could be

i capacity allowed only 20 seconds devoted to more basic problems of

i of thruster operation. The Gemini working while performing EVA. As
! VIII mission was aborted before a result of the Gemini Program,
' the scheduled extravehicular much experience was gained in the

i activity (EVA) and HHMU evaluation, design, fabrication, and qualifi-
During the Gemini X mission, the cation of maneavering unit hard-

i
i HHMUwas used for t ro translations ware for space, but very little

between the Gemini spacecraft and knowledge was gained about man's
I the Agena spacecraft and for one maneuvering caoabilities and

I attitude correction. The HHMUwas limitations. In each case where
not used to stop a translation, the maneuvering unit evaluation

i and the EVA was curtailed before was aborted, the problem was not

I the scheduled extensive HHMU eval- with the maneuvering unit, but '

i uation because of low spacecraft with the spacecraft or the unex-
propellant. Body-positioning pected problems of working in the
problems during the Gemini Xl EVA environment.

m_ssion EVA resulted in terminating

!

!

I
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Manned spaceflight programs will enhance man's EVA capability.

planned for after the Apollo lunar The focal point of the experiment _'

landing will make it possible to would be, of course, the inflight

gather data in orbit on man/machine evaluation of the experimental i_
maneuvering performance, without hardware. The corollary effort
the problems of supporting man in would include an assessment of

i the space environment. Specifi- current technology and capabili-
; cally, the Saturn IVB (S-IVB) ties; development and test of

Orbital Workshop (OWS) planned for experiment hardware; flight simu-i

i the Apollo Applications Program lation for optimizing the inflight
_ (AAP) would provide a large-volume time line, gathering base-line

I (greater than i0000 cubic feet), data, and astronaut training; and
zero-gravity laboratory with a data reduction and analys±s of the

i habitable environment inside. A inflight test results.

maneuvering unit could be used in-

_' side the OWS to perform EVA-type Another aspect of this maneu-
tasks without subjecting the astro- vering technology base in that it

! naut to the hazards and risks of would provide good analytical tools
EVA. Experiment M-509, Astronaut for maneuvering systems design and

i Maneuvering Equipment, is a proposed operational analysis. Several

investigation to do just that. ground-based simulation techniques

, (computer-driven imulators, air-

The purpose of this paper is to bearing _latforms, and neutral

i discuss the relationship of experi- buoyancy) appear to be useful inment M-509 to the development of an this respect. However, these tech-

astronaut maneuvering technology niques would be far more valuable
base and to describe the proposed if their fidelity were known.

experiment. Base-line data gathered before and
after the inflight test, _hen com-

pared with the same parameters

MANEUVERING TECHNOLOGY DEVELOPMENT gathered in flight, would yi(.ld an

assessment of the accuracy o" the

The proposed M-509 experiment simulators. Also, parzicuiar
is to be a part of an overall pro- simulators may be good for only

gram to develop a capability to certain portions of an EVA maneu-

support and enhance future manned vering task. Although the cost of

spaceflight missions, that is, an ground-based evaluations would be
astronaut-maneuvering technology far less than space evaluations,
base. The purpose of the experi- some simulators would be less

ment would be to obtain engineering expensive to operate than others.
and technological data in flight on Knowledge of the advantages, limita-

selected maneuvering techniques and tions, applications, and accuracy

man performance capability for of each simulator would allow the
specific maneuvering tasks. The best technique to be used for a

primary objective of experiment given simulation task.
M-509 would be to gain the necessary

experience and technology to estab-
lish maneuvering techniques which

i

, VII.I.2

i llll i i i J ,

1971066602-511



Significance As an exam@le, the 0WS weird pro-

vide the first valid method to
The development of a maneuver- evaluate an astronaut's abi!_ty to :

ing technology base would make an recover from a tumbling mode when

important contribution1 to the over- two or more rotational axes are
all manned spaceflight program by involved.

enabling man to perform a wider

range of EVA tasks and to perform 2. Versatile Equipment: The

many tasks more effectively. Ex- major item of flight hardware
periment M-509 would be a major planned for experiment M-5_9 is

par_ of developing this technology the Astronaut Maneuvering Research
base. In addition, the experiment Vehicle (AMRV). The AMRV wculd be

would be designed to take maximum a sophisticated experimental test
advaDtage of planned missions, bed which could be used to evalu-

existing technology, and available ate several different maneuvering

time to: (1) insure astroDaut techniques with v_rious EVA-type

safety; (2) develop versatile equip- tasks, to gather extensive per- I
ment; and (3) complete a compre- formance data in orbit, and to be
hensive inflight evaluation as dis- refurbished for multimission

_ cussed in the following paragraphs: applications. It would be design-

ed to insure max_un versatility _M_
1. Astronaut Safety: The and would be, as the name im-

S-IVB OWS provides an enclosed, plius, a research vehicle. Other

pressurized, zero g environment in control modules could be added on
which an experiment subject and his later missions (such as a vozce

observer/assistant could operate controller, a foot controller, or i

under simulated EVA conditions even a remote controller). The
without the hazards and constraints _L_V would be compatible with

normally associated with EVA. The operation on an umbilicalto the

0WS is the only planned spacecraft spacecraft, thus allowing use of
which provides sufficient volume to the AMRV anytime the OWS is manned.
conduct experiment M-509 without Capability for reuse on later

° EVA. Although l_ng translations missions would allow certain tasks

: (beyond 22 feet) could not be con- to be repeated, new tasks to be

L ducted, the very important problems added, and additional astronauts
associated with the astronaut's fine to gain flight experience, as

motor ability and close-in maneu- well as to test new controlvering capability (sta_ionkeeping, concepts.
, altitude control, docking, and

'I donning/doffing) could be adequate- 3. Comprehensive Evaluation: i" •
ly demonstrated and investigated. To develop the desired astronaut-

With it_ habitable environment, the maneuvering technology base, an
OWS would allow both man and machine extensive and systematic evalua-
performance of EVA-type tasks to be tion of man's capability to

observed and documented under labo- maneuver free of his spacecraft

ratory-like conditions. This data would be conducted insi_ _ the J-
under long-term zero gravity cannot 0WS. The corollary effort of the _

be obtained from ground simulation, flight hardware development program

.
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would in itself develop a minimum applicntions, in addition, some
technological foundation. However, maneuvering techniques and equip-

development of a broad base maneu- ment weald be sho'_1 to be unsatis-

vering tecl_nology and the attendant factory for certain maneuvering
confidence in its validity is de- tasks. Successful completion cf

pendent upon flight tests. The experiment :,I-509would provide an

inflight evaluation would provide inventory of nrcven techniques
realistic experience about the hand- which co,mldbe applied to a wide

ling qualities and performance of range of potential mission
. each maneuvering technique flown requirements.

i and about the capabilities and

limitations of both man and machine. Specific poten=ial applica-

i Specific maneuvering tasks would be tions are described in two cate-
_ representative of expected EVA tasks gories in the following paragraphs:

• and, as new tasks arise, these could Generic and :,Kssion.
be added. Data reduction and anal-

ysis of flight results would provide 1. Generic Applications:
a valid basis for establishing per- Generic applications denote those

formance requirements of future applications when a maneuvering
maneuvering systems and an index of capability provides distinct ad-

what man could be expected to accom- vantages but is not necessarily

plishwhen assisted by the appro- a requirement.

priate maneuvering unit. The data

would provide procedures for plan- a. Translational Capa-
ning future manned spaceflight bility: Free-space transfers

missions, between separate vehicles are
possible with a maneuvering capa-

bility. A translation capability

Application includes a means for the astronaut
! to control body attitude and posi-!

: i At this point, one may ask tion, that is, properly orient his
I "How would the results of the body prior to initiating the trans-

experiment be use_or applied?" fer, control body orientation to%

The inflight experiment would keep the target or reference in
demonstrate certain applications sight during the hransfer, and

when a maneuvering capability arrive at the target with the
would enhance man's ability to desired rate and body orientation.

perform those tasks which can best

be accomplished outside the space- b. _bility Aid: A

craft. (As used here, a maneuver- limited maneuvering capability -
ing capability provides the astro- combined with handrails, umbili-
naut the ability to control his cals, and lifelines - would enhance

body attitude and position without the astronaut's effectiveness for

the necessity to apply forces and/ EVA in the near vicinity _lOO

or torques to the spacecraft), feet) of the spacecraft. Numerous
Likewise, the utility of a maneu- handrails are employed on the

vering capability would be proven Apollo and AAP spacecraft. Life
marginal or not required in some support umbilicals will likely be

V11.1.4
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used. A maneuvering unit such as means to accomplish the task which
L-_. .

the .u_._ would provide Dowered body- would be competitive with other
positionir_ capability to eliminate E_fAtechniques.
the astronaut fr_ having to use his

wrist to torque his body around to a. Assembly: A number of

this desired position. A rapid proposed missions involve the

means of returning to the space- assembly of large structures in
craft would also be available. In orbit (such as erection of a large

additi zn, by playing out The life (-lO0-foot diameter) radio tele-

support umbilical and by using the scope, deployment of a large ('35-

_._ to control the umbilical direc- inch diameter) optical telescope,
tion, areas away from the prein- erection of a large area (_i00

stalled handrails could be reached, square meters) X-ray telescope,
and deployment of large solar panel

c. Automatic Stabilization: arrays). A maneuvering unit would
A sophisticated maneuvering unit enable the aztroraut to string

with automatic stabilization could cables between distant points on
be applied to a wider range of the structure, move rapidly over

applications. The major advantage the surface, make adjustments on

of this type unit is that it would linkages, monitor automatic system
hold a given attitude automati- deployment, and back up automatic

cally (hands free). A fixed- deployment mechanisms.
attitude reference would allow the

astronaut to visually detect rela- b. Inspection: A maneu-

tire motion between his target and vering capability would enable the
himself. This featur_ would allow astronaut to inspect visually large

translations to take place without spacecraft surfaces. The large

i rotations caused by thrust misa!ine- number of preinstalled handrails
:: ment and would allow pure rotations otherwise required would be im-

!I (pitch, roll, and yaw) to be exe- practical. Precise attitude and .
cuted without cross-coupling into position control (stationkeeping)

other axes. The automatic stabili- would enable inspection and/or

i _ zation subsystem would also produce photographing of small satellites
rotations at the desired rate without touching the target (for

, _ (either proportional or preselected example, to keep from upsetting
! ' discrete rates) and reduce these the attitude control system of the

rates to zero when the command in- satellit$. Operational systems

i put is removed, inspections might include observ-
ing an overboard dump, checking

!' 2. Mission Applications: external plumbing for apparent _.
Mission applications are discussed leaking (malfunction analysis,
in terms of classes of applications, periodic inspections on long

, For the applications covered, a missions, examining spacecraft
maneuvering capability is not neces- sureaces for reaction control

sarily a requirement but would en- system (RCS) plume impingement

hance man's EVA capability. A degradations, and monitoring many
maneuvering unit optimized for the more external conditions which

specific mission would provide a must be acc_,plished in orbit.

i
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c. _.'_intenance: Repair, for extravehicular operations

replacement, and replenishment are which could be ez_anced by a maneu-

considered a part of maintenance, raring capability. _"_qeseexperi-
, I_nerrus examples of possible tasks ments include tasks s.uchas mapping

: can be envisioned on both the parent plasma wakes, radiation fields,

spacecraft and other satellites, and magnetic fields; calibration
: Some examples .include replacement of and alinement of large antennas

solar array panels, cleaning sensor and telescopes; retrieval and re-

surfaces (lens), deployment of emer- pleniskment of data packages
gency oxygen reserves outside for (such as film cassettes); visual

support of subsequent KgA, replace- readout of engineering data and
merit of a failed directional antenna, D._nctioning condition; experiment

and so forth, in addition, a proven operations (changing filters,

maneuvering capability would signifi- changing modes, calibrating, ad-
cantly affect the redundancy versus justing, etc.); and experiment

maintainability concepts, monitoring (assurir_ proper func-
tioning ana contingency support).

d. Operational Support:
Certain tasks, which are peculiar to

a specific mission and do not fall EXPERIMENT ]Y._LE_TATION
into the other classes of applica-

tions, prcbably will be required. Having established the utility

Those applications when a maneuver- of experiment M-509, possible ex-

ing capability could be used to periment implementation will be
advantage include activation or discussed. In this section, the

reactivatign of dormant vehicles and proposed experiment preflight,
resupply of active vehicles (cargo inflight, and postflight activi-
and crew transfer, installation of ties are covered.
external umbilicals, solar panel

deployment); EVA technology develop-

ment (tests of new concepts, demon- Preflight Activities
stration of a capability prior to

its application); and support of Approximately 85 percent of
in-orbit manufacturing facilities, the time needed for the experiment

program would be concerned with

e. Rescue: A maneuvering the preflight activities. These
capability would be very valuable activities include selecting the

in time-critical rescue operations, maneuvering unit concepts to be
either for carrying additional con- evaluated inflight, developing

sumables to, or retrieval of, the and testing experiment flight

stranded astronaut. Also, rap_d hardware, and conducting various
assistance could be provided to an kinds of simulations.

astronaut caught in the structure i
in such a manner that he could not i. Selection of Maneuvering

reach the point of entanglement. Techniques: Over the past lO i

years, numerous concepts have been

f. Scientific: Many scien- proposed for astronaut maneuver-
tific _xperiments have requirements ing, and several concepts have
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reached the hardware stage. Three AMU. The handgun would be an up-
criteria have been established to dated version of the Gemini HE_J

select the particular maneuvering and would represent the hand-held,

techniques to be evaluated. First, manually directed thruster con-

the technique must provide the as- figuration. For the handgun eval-
tronaut with powered maneuvering nation, the HHMU would be plugged

capability in six degrees of freedom, into the backpack with a short
that is, fore/aft, left/right, up/ umbilical. The backpack then

down, pitch, roll, and yaw. Second, serves as a support module for the

the technique must have &1_eady re- HHMU and provides propellant and
ceived extensive design analysis and instrumentation. Specific control

ground testing. Finally, the tech- modes will be discussed by unit in

nique must have unique design fea- the following sections.
tures (which cannot be adequately

verified by ground test) and poten- a. Backpack: The back-
tial space applications, pack would contain five major sub- i

systems. These subsystems _re

Four maneuvering techniques (control the propulsion, the electrical, i

concepts), embodying two maneuvering the data, the attitude control,

! unit configurations, are planned for and the displays/controls. 1
: the _MRV design. Two techniques |

would employ manual control; that (i) Prcpulsion: i
: is, the astronaut srastvisually Numerous solenoid-operated thrust-

detect attitude and attitude rates ers would be mounted around the i

: and manually activate the thruster backpack in fixed positions. The
!

system to control attitude and posi- thrusters would be arranged to !

i tion. The other two techniques provide translation in the fore/ [
J_ would employ automatic stabilization, aft, left/right, and up/down I

The two automatic stabilization sub- directions with respect to thc i
systems planned are quite different pilot. Maxismun acceleration ii

i in mechanization and handling quali- would be about 0.5 ft/sec_. Also, '
I ' ties, but each provides a fixed- the thrusters would produce pure I

attitude position, provides rota- couples for attitude control- i

; tion about the desired axis at a pitch, roll, and yaw. f _ropel- )
i.
i given rate, and stops rotations lant is_,lation valve l_id be' i automatically. The method of use readily accessible to the pilot i
) _ of each control mode and the plan- if a thruster sticks open. "be I

! ned AMRV configuration are covered propellant would be gaseous oxy- I

in the next section, gen. Propellant would be supplied _.
• i
l I from the spacecraft through an
: 2. Flight Hardware: The pro- umbilical or from a self-contained )

) _ posed AMRV consists of two parts as propellant module. Several pro- ) :
shown in figure i: a backpack and pellant modules would be carried i

a handgun. The backpack would be a and as each was expended, a re-
' back-mounted module with multiple placement would be installed.

fixed-position thrusters. This is I

a traditional maneuvering unit con- I

figuration and quite similar to the I"
!
i
;

f

i
I
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(2) Electrical: of the controller would stop the

Various electronic components would acceleration, but the resulting
be employed in addition to a self- rates would continue.

contained battery, battery charger,
power distribution and protection (b) Automatic No. l:

components, switches, relays, and so Two modes of automatic stabilization

forth. Electrical power from the would be investigated. Each would
spacecraft would be used for start- provide automatic attitude hold,

ing gyros, for checkout, and for rotation about the desired axis at
most of the inflight tests, the desired rate, and reduction of

attitude rates to zero when the in-

(3) Data: The data put command is removed. The first

subsystem would include sensors, mode-Automatic No. 1-would be used
signal conditioning equipment, an to evaluate handling characteristics

encoder/multiplexer, a transmitter, of a rate rensing system, which uses
and a receiver. The receiver would rate gyros and the associated con-

be mounted on the spacecraft and trol electronics.

hardlined to the spacecraft data
system for subsequent air-to-ground (c) Automatic No. 2:

dump. Parameters (such as propel- The secci_d automatic stabilization

! lant pressure and temperature, sole- mode _ould _e used to evaluate hand-
i noid valve operations, angular rates, ling characteristics of an inertial

command inputs, and various house- system, which uses control moment
keeping data) would be recorded, gyros (CMG) to resist external tor-

ques and internal torques to pro-
(4) Attitude Control duce pitch, roll, or ymw as desired.

Subsystem (ACS): The ACS would be

the heart of the AMRV. It would (d) HBMU: The HHMU

have four control modes, each would be evaluated in this mode.

selectable in flight. The first The backpack automatic control sys-
thr_ modes would be used in con- terns and hand controllers would be

junction with the backpack config- out of the control loop. The back-

uration evaluation, while the fourth pack would serve as a support module

mode would concern the handgun con- t_ prcviue instrumentation and pro- 3
figuration evaluation. The purpose pellant for the HHMU. Provision
and operation of each mode follows: may be made for activating one of

the automatic stabilization sub- _

(a) Direct: The systems, if undesired rates develop
purpose of operation in this mode while the HHMU is being evaluated, i
would be to evaluate an astronaut's

capability to control attitude and (5) Displays and .

attitude rates of the backpack by Controls: This subsystem would

manually inputting commands based consist of separate rotation and

upon his visual cues. Movement of translational hand controllers, a

the rotational hand controller from mode selection switch, a propellant
. its neutral position would result in isolation switch, and a self-con-

continuou_ angular acceleration as tained propellant pressure gauge.
long a_ the command is held. Release Flight of the backpack would be '
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quite similar to maneuvering the the backpack instrumentation sub-

Apollo spacecraft. Hand controllers system. Pressure levels would indi-

! would be similar to those of Apollo cate which thrusters &re being
spacecraft with the left-hand con- operated and the amount of thrust
troller used for translational con- beir_ commanded. An item of pri-

trol and the .right-hand controller mary interest here would be the
used for rotational control, comparison of commands for f_d_l

thrust and commands for partial

b. Handgun: The handgun or thrust.
: HRMU will be discussed in terms of

the same five subsystems as the back- (4) Attitude Control

pack even though some subsystems Subsystem: The astronaut would

would not normally be classified as serve as the attitude control
subsystems because of their simpli- subsystem. Through visual cues,

city. he must detect attitude rates and

then properly orient and fire the

(1) Propulsion: Two HHMU to change and control
1-pound tractor thrusters and one attitude.

2-pound pusher thruster would be

ek_loyed in the same manner as the (5) Displays and
Gemini HHMU. A single-throttle valve Controls: Displays would consist

would regulate the total thrust be- of streamers attached to the noz-

tween 0 and 2 pounds. A shuttle zles so that they flutter when the
valve downstream of the throttle thrusters operate and of a color

valve would route the propellant band on the shuttle valve stem that
to either the tractor or the pusher would be visible when the pusher
thrusters. The shuttle valve nor- mode is selected. The only controls

mally would be in the tractor posi- would be the manuaLll operated
tion since the tractor mode is used shuttle and throttlc valves de-

most often. Propellant would come scribed earlier.

from the backpack through a short
hose to the HHMU. The same pro- 3. Simulations: Various

pellant isolation valve used for the kinds of simulations are planned

backpack will likely be used for the throughout the experiment program;
HHMU. however, most simulations would be

conducted during the preflight

(2) Electrical: No phase. The purposes of the simula-
electrical power would be required tions are to screen the maneuvering

for the HHMU operation. Power tasks to be evaluated in flight, to

would, of course, be required for optimize the inflight time line, to
operation of the backpack as a gather base-line data before and

support module, after the flight, and to train the
astronauts. Three kinds of simu-

(3) Data: Two pres- lators would likely be u_ed:
sure transducers would be use: one computer-driven, air-bearing table,

in the tractor manifold and one in and neutral buoyancy.

the pusher manifold. Output from
the transducers would be fed into

V11.1.10
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The computer-driven simulators transmitted from the AMRV. Various

(either moving base or visual ref- pieces of support hardware would be
erence projection) would be used to needed to allow rapid, inflight

eliminate the effects of the one g unstowing and donning/doffing of
field and to gather data on the per- the AMRV.
formance of the AMRV. The same

parameters to be measured in flight

_ould be gathered with the computer- Inflight Activities
driven si_ator. The air-bearing

table simulation would be primarily Inflight activities would begin

for astronaut familiarization. A with unstowage and setup of the
special training unit AMRT, which experiment hardware in orbit. I+

would look and feel like the real is planned that the hardware "4o

unit, is planned. By the use of stowed and operated inside the
support scooters which would float spacecraft. Hence, most of the

on air cushion pads, three degrees setup operations could be corn-

of freedom (DOF) would be achieved, pleted by one crewman in shirt-
By alternate positioning of the AMRV sleeve clothing. During the

on the scooters, all six DOF could maneuvering operations with the
be evaluated. AMRV, two crewmen would be re-

quired; one would serve as the
Neutral buoyancy facilities subject and the other would serve

would be used to develop and vali- as a safety observer/camera
date the unstowage, deployment, operator. The planned inflight
_on/doff, checkout, and stowage procedures for evaluating the AMRV

procedures and time lines. A are described in the following

special unit, which would be neu- paragraphs.
trally buoyant in water, is planned

for these simulations. 1. Operating Modes: Ideally,
the complete AMRV evaluation would

In addition to the _MRV, the be ronducted while the subject was

experiment flight hardware would wearing a pressurized space suit
include a propulsion gas um_ ilical to represent operation in the vacuum

(PGU), a data receiver, and mis- environment. However, in order to

cellaneous mounting hardware. The reduce the life support require-
PGU would be a special minimum- ments, the subject would wear

weight, maximum-flexibility hose shirtsleeve clothing for most of

with electrical power and communi- the experiment. Even though much

cation lines. The P_] would allow of the propellant required would
spacecraft oxygen to be u_ _d as come from the spacecraft through ..

propellant modules which must be the PGU, a part of the maneuvers

carried. Also, by using pure oxy- must be conducted without arj _
gen as the propellent gas, the gas umbilicals or tethers to the space-
expended would serve as makeup gas craft. This procedure is necessary

to maintain the spacecraft cabin to investigate the effect of the

pressure. The data receiver would umbilical. For example, operation
! be hardlined to the spacecraft data with the HHMU may be aided by an ,

system and would receive the data umbilical. However, a backpack
I-

J
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• equipped with CMG may be hampered by 3. Maneuvers: For each of the

an umbilical; that is, the un_ilical tasks required, several maneuvers
may provide sufficient external tor- would be flown. These may be

ques to saturate the CMG. There- classed as basic and mission, as

fore, the AMRV would be operated in follows.
the three following modes:

a. Basic Maneuvers: Each

Operating Mode I - Subject in subject would receive his initial
shirtsleeve clothing, PGU attached familiarization with flying the
to the AMRV. AMRV in the _ero g environment

during Operating Mode I. Certain

, Operating Mode II - Subject in basic maneuvers would be flown to
i shirtsleeve clothing, no umbilicals give the subject a "feel" for the

or tethers, unit and to gather data on the

performance of the AMRV. These

Operating Mode III- Subject in maneuvers w_uld include pitch,
a pressurized space suit, PGU and roll and yaw attitude maneuvers,
life support umbilical attached, attitude hold, and short transla-

tions.

For Operating Mode II, the AMRV

would have to be capable of opera- b. Mission Maneuvers: As
_ion from self-contained propellant the subject develops skill and con-

and electrical power. The operating fidence in the AMRV. more difficult

modes would be sequential for each maneuvers would be tu_ertaken.
subject so that the progression One planned mission maneuver is a

would be from the simplest to the traverse across the spacecraft.
most difficult operations. This maneuver would require orien-

tation to the proper body attitude,
2. Tasks: The subject would acceleration, midcourse corrections,

have to perform four tasks in each deceleration, stopping near a tar-

of the operating modes described in get without contacting it, and fly-
the previous paragraph. Each task ing around the target to simulate

would be related to a control mode an inspection. Then the subject
of the attitude control subsystem would reorient body attitude foz a

and is summarized as follows: return acros_ the spacecraft,
accelerate, make midcourse correc-

Task A - Evaluate flying the tions, decelerate, dock at a work

backpack without automatic stabili- site, and attach body restraints.

zation (that is, manual) Another mission maneuver would en- 4
tail the observer to impart a spin

Task B - Evaluate flying the to the subject-first about a single

backpack with an attitude rate sens- axis, then about multiple axes.
ing system (Automatic No. l) The subject would then arrest the

spin with the AMRV for each of the

Task C - Evaluate flying the four tasks. Operating Mode II would
backpack with an inertial attitude be necessary for this tumble re-

system (Automatic No. 2) covery maneuver. Other mission
maneuvers will be defined during

_ask D - Evaluate flying the th_ simulation activities.

HHMU with the backpack as a support
module.
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4. Flying Time: In order to Postflight Activities
minimize the crew time in orbit, all

three crewmen would not get equal After the crew is recovered,
flying time with the AMRV. Those debriefings are planned. All data

maneuw._rs which could be demonstrated would be reduced and analyzed to

satisfactorily in one run would be assess the performance of man and
flown by only one crewman. Other machine. A maneuvering unit hand-

maneuvers, when statistical data are book would be prepared establish-
needed cr when the data are largely ing design criteria for future

subjective, would require two or maneuvering systems and base-line
three crewmembers to participate, data for planning future missions.

Also, in order to limit the amount A part of this handbook would be

of propellant (oxygen) expended per devoted to simulators-their appli-
day, the experiment would likely be cable areas, fidelity, and limita-
scheduled on several different days. tions. This assessment would come

Too much maneuvering would result from a correlation of flight data

in a buildup of cabin pressure so with preflight and nostflight base-

that the cabin relief valve would line data from ground-based simu-

operate and dump oxygen overboard, lators. Besides calibrating the
A proposed flying time schedule by simulators, recommendations for

man, day, and operating mode is improved techniques would be

shown in table I. developed.

5. Data Recording: In addi-

tion to the data gathered as part of
the AMRV instrumentation subsystem,

photographic and subjective data
would be collected in flight.

a. Photographic Data:

Motion picture photograph is planned
using onboard movie cameras. This
film would be returned to earth for

r
, correlation with AMRV data. The

fiS_awotuldalso provide data about

position, linear and angular velo-
l

cities, and accelerations.

b. Subjective Data: The

i subject would be connected into the

:I _ spacecraft communications systemduring Operating Modes I and III.
I He would then provide a running com-

! mentary of his actions and reactions.
i The observer could also supply corn-

! merits on the AMRV/man performance.
Immediately after each run, the
subject would provide a short
critique of the test. :.
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TABLE I. EXPERIMENT RUN SCHEDULE

EXPERIMENT_PER_wr EXPERIMENTEXPERD'_TTOTALS
_UN#1 RU_#2 RUN#3 RUN#4

: I - i:00* I - i:O0 III- 0:40

SUBJECT #1 3:30

II - 0:25 II - 0:25

I - i:00 I - 0:45 III- 0:20

SUBJECT#2 2:30
II - 0:25

I SUBJECT #3 I - i:00 I - 0:30 1:30

TOTAL 2:25 2:25 1:50 0:50 7:30

i *Operating Mode and Flight Time (Hours:Minutes)

Vli.1.14

• 11
m

1971066602-523



EVA SUPPORT OF SCIENTIFIC/TECHNICAL EXPERIMENTS

J. H. Samson,Project Engineer
NorthAmericanRockwellCorporation,Space Division .

SUMMARY

A series of astronomyandrelated scientific andtechnical experimentsproposed
for earth orbital missionsin the immediatepost-Apollo periodanddefinedas
requiringastronautextravehicularactivity (EVA) for experimentsuccess is
examinedfor validity of the EVA requirement. Criteria ior establishingvalidity
as well as the analytic procedureare outlined. It was foundthat the EVA
supportrequirement:'orcertain experimentscouldbe deletedor signific._ntly -
reducedthroughmodificationof experimentprocedurec_equipment;whereas
for otherexperimentsa valid requirementfor EVA supportwas foundto exist,
andin someinstancesthe experimentcouldbe enhancedthroughmodification
or expansionof theexperiment-relatedEVA function. A set of suggested
experimentprocedureandexperimentequipmentdesign9uidelines for EVA
supportis given.

i

INTRODUCTION

i This paperis b_.sedon a recently RequirementsStudywas to define the
i completedstudy(1) of the ext,'avehicular _xtravehicularactivity capability in
! engineeringactivity (EVEA) r_qu!redto termsof techniquesandequipment
i supportfuture mannedearth orbital scientific requiredto supportearth originalscientific

andtechnicalexperiments. In that study, and technical experimentsin the 1968-
'I proposedexperimentsin a numbero,r scien- 1980 period _J_aemphasison the 1971-
J Uric and technical disciplines were inves- 1974 period. In this study, approximately
] tigated. This paperdescribesthe method half of the proposede:__eriment._projected
t by whichthe proposedscientific/technical for this p_.riodlogically requiresome
! experimentswereanalyzedto _stablishthe degreeof EVA supportto _;'.tisfythe
I validity of the e.vtra-vehicui_ractivity (EVA) overall mission.
! i_ supportrequirement,describessomeof the

_ f;ndings, and arrives at sometentative The candidatescientific apdtechni-

! _. recommendationsfor scientific/technical cal experimentsinvestigatedfor potential
: t experimentuesignto ach ,'ve moreoptimum EVA requirementswere obtainedfrom
! _ utilization of astronautE_ A support, several experimentdatasource_,includ!ag
' i NASA in-houseandcontractorstudies,

The of the EVEA andAAPpurpose Program experimentproposals,

: (1)Extravehicular EngineeringActivities (EVEA) ProgramRequirementswith Emphasis i
on Early RequirementsContractNAS8-18128, May 1968 !

!
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experimentdata sheets. The approximately discipline of astronomy. This relatively
1200 experimentsthat were identified as a high proportionof astronomyexperiments
baselinefor analysis in the studywere cate- does notnecessarilyindicate a predelic-
gorized Into ninedisciplines; examined tion towardastronomyon the part of those
(within the discipline) for redundancyof makingthe experimentselections. Ratller,

; experimentobjective, equipmentor modeof it is indicativeof the importanceof
operation;andexaminedfor validity as a space astronomyexperimentsat least in the
experimentand for potentialEVA requirement, early to mid-1970 decade, and of the
The experimentswerethen groupedinto three importanceof manin the conductof
periods(1968-70, 1971-74, 1975-80) this type of spaceexperiment. Three of
duringwhichthe experimentwas likely to the six astronomyexperimentsinvolved
occur, optical telescopesof conventional

design, oneX-r_)' astronomyexperiment,
• A total of 280 experimentsfor which oneradioastronomyexperiment, andone

mannedEVA roles hadbeenidentified were general purposeelectromagneticradiation
projectedfor 1971-1974, the timeperiodof packageexperiment. Iq addition, the
principal interest. Theseexperimentswere representativeexperimentlist included
reviewedto eliminateoperationalredundancy four bioscienceexperiments, andtwo

: across disciplinesby regroupingthe experi- each in the areas of Communications/ =,=
mentsaccordingto the types of astronaut Navigation, Physical Sciences, and
EVA functionsrequiredto supportthe experi- AdvancedTechnology- Orbital Operations.
meg activities, andby eliminating certain
experimentsthat hadEVA functional support The EVEA studywas directed
requirementsthat were the sameas those of towarddefining the relatively near-term
anotherdiscipline. This selection process EVA requirementsandto someextent
yeilded 102 scientific and technical experi- was constrainedby the equipmentsand
mentsprojectedfor the 1971-1974 period and techniques likely to beavailable by
requiringEVA support, that timeperiod. However, the study

: revealedthe necessity for equipment
Becausethe next step in the study andtechniquedevelopmentfor the early

requireda morethoroughanalysis of the time periods, andequally important,
-"_! _ scientific and technical experimentsto define indicatedthe need for researchand

their detailed EVA supportrequirements,it technologysupportto EVA for time
was necessaryto reducethe numberof experi- periodsbeyondthe early 1970's. Space-
mentsprojectedfor the periodof interest to a suit mobility, EVA translationcapability,
manageablenumber. Accordingly, 16 _f the and life supportsystemcapacity were all
102 remainingexperimentswere s._lestedas foundto be limiting factors in EVA work

being representativeof those requiring EVA task performancein early time periods.
support. Criteria for selection of the repre- As spacetechnologyproceedsand
sentativeexperimentsincludedvalidity of mannedspace missionsbecomemore
experimentconcept, state of experiment complex,astronautEVA capability and
development,realismin termsof the time work capacitywill haveto increase
period, and extent andtype of EVA Involved. accordingly.

Of the 16 representativescientific/
technical experiments,approximatelyI/3
(6 out of 16) fell within the scientific
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ANALYSIS OF SELECTED EXPERIMENTS By way of illustration, considera
typical optical astronomyexperiment.

Each of the 16 representativeexperi- The experimentconcept, Figure 1,
mentswas subjectedto a further, in-depth utilizes reflecting telescopefor stellar
analysis for the purposeof establishingthe astronomy. :'he objective of the experi-
validity of the EVA requirement. The ment is to abtain direct il'_ge photogra-
analysis consistedof an investigationand phy andhigh resolution sp__ctralphoto-
review of the basic scientific equipmentin graphyof selected stars ,_ld gala;,ies in
termsof its capability to achieve the stated the ulb'a-violet (UV) portion of the
scientific objective, and in termsof its spectrum(i050 A to 4,000 A). The
capability to operatein the spaceenviron- experimentis plannedfor a relatively
ment. The experimentequipmentoperational early time period(1971-74), andis
conf.=gurationwas then reviewed, and intendedto operatewith a manned
physical interfaceswith the spacecraftand earth-orbitingspacestation (EOSS).
spacecraftsystemsweredefined. Sub- The telescopesystemis mountedin the
sequently, the in-orbit experimentprocedures Apollo Telescope Mount(ATM) which
were examinedandexperimentfunctionsana- in lurn is attachedto the Lunar Module
lyzed. Fromthis analysis, man'srole in (LM) dockedto the Multiple Docking
relationto the experimentwas determined, Adapter(MDA) of the orbital workshop
andthe EVA requirementswere stated, configuration(0WS).
Once identified, the EVA tasks were
subjectedto a functionalflow analysis for The basic experimentequipment
the purposeof establishingthe validity of consistsof a compoundreflecting
the requirementin terms of experimentneed telescopeof I-meter apertureanda

; andEVA astronautcapability, focal ratio of approximatelyf/10.
i Light fromthe targetsourceenters
i Althoughthe experimentdefinition the telescope, is reflected from a

analysis often resultedin a modificationof primarymirrorto a secondarymirror,
J : experimentproceduresto providefor more then backghrougha hole in the primary

efficient use of astronautEVA, it was andcomesto focusat a focal plane
t _ foundthat the requirementsfor EVA were located behindthe primary. A third,

_ valid in virtually all the representative diagonalmirror, is usedto reflect thes

i _ experiments. Subsequently,the EVA light rays so as to place the focal

_ requirementswere summarizedfor the plane at either a direct imagecamera,
_ purposeof identifyingdiscrete EVA task spectrometer,or similar ancillary or

i _ functionsandEVA equipmentsnecessary recordingequipment. '"
to performthosefunctions. As a result ofJ ;

, _ this EVA OperationsAnalysis, it was This telescope configurationis
_ determinedthat over90% of the EVA typical of the optical astronomyexperi-

requirementscould be metby only22 mentsproposedfor 1970-80 decade.
discrete EVA task functionsandsubfunctions The principaldifferencesbetweenearly

I usedeither singly or in combination, and later time periodsis in size ofAssociatedwith these functionswere various relative aperature, quality andsophis-
EVA equipmentsrequiredto performthe tication of the Instrumentand its related r-
function, equipment. In the configuration

{
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illustrated, the telescopesystem is enclosed basic mannedspace stationcomplex
in a large thermalshield mountedto the ATM/ was preferableto a later unmanned
LM configuraUonwhich operatesattachedto logistics launchand"subsequentrendez-
the 0WS. The astronaut-observercommands vouswith and transferto the manned
telescopelunarmodule. Most of the experi- space station. The physicalsize of
mentprocedures,:ncluding checkoutand mostof the experimentsmakesthe
observation, are accordingto a preprogrammed latter alternative undesirable. Tech-
sequence. The observer'sfunctionis oneof niquesfor the in-orbit transfer of large

• monitoringequipmentoperation, maintaining experimentmodulesin a safe manner
: contactwith groundprincipal investigators, still requiresomedevelopment.

andoverridingor modifying the preprogrammed
sequence, andperformingEVA at stated

: times in the experimentsequence. ExperimentFunctionalFlow

The analytical procedurecalled for an A majorportionof the analytical
examinationof the basic experimenttechnique effort was devotedto analysis of the
and equipmentto assurethat the experiment in-orbit experimentproceduresfor the
conceptwas valid in termsof time period, purposeof identifyingthe EVA
of ability to meetthe experimentscientific requirement. In orderto proceedin a
objective, andof ability to be carried out in logical and systematicmanner,the
the spaceenvironmentwhile operatingip analytic approachusedrequired
conjunctionwith mannedspacecraft. In the descriptionof the situation in termsof
case of the exampleastronomyexperiment, a functionalflow diagramto identify
the telescope systemwas foundto have a the functionsmakingup the set of
resolutioncapability sufficient to meet the experimentsactivities. Such a flow
measurementrequirementsof the experiment diagramdescribingthe majorfunctions I

objective. Film capacityalso was foundto requiredto conductthe in-orbit
be sufficient to meetthe objective, but not astronomyexperimentis illustrated in
sufficient to allow for experimentupdatingor Figure 2. Each block in the illustra-
extensions of the observationprogram. The tion representsa major functionwhich
stability andangular-rate designrequirements musthe completedto performthe
of the ATM are compatiblewith telescope experiment. The notationsabovethe
requirerr_nts, andthe basic equipment function blocksindicate inputsto that
appearscapableof meetingthe experiment block; the notationsbelow indicate
objective, discrete outputswhich mayremain

outputsat this point or becomeinputs
The experiment physical interfaces to the next block. This chart is a first

with the spacecraftalso were considered level functionalflow, and it indicates
andwere foundto be compatiblealthough onlygrossfunctions. While it indicates
experimentoperationprobablywouldrestrict the presenceof man, the astronaut/
other activities aboardthe spacecraft, at observerfor the in-orbit experiment
least during critical observationperiods, andthe principal investigatoron the
Alternate methodsof launchalso were ground, this level of functional flow
consideredin this phaseof the analysis, is insufficient to indicate the detailed
It was found:.hatfor the astronomyexperi- functionsof either man, particularly
ment(as wel| as mostof the others), launch the astronaut/observerin orbit. W.ith
of the experimentequipmentas part of the this type of analytical techniqueit is
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possibleto take a discrete functionblock or systemsanalysts, in conjunctionwith the
• sets of blocksandreducethemto sublevel technical personnelre-examinedthe

functionalflows. For example, the major experimentprocedures,particularly the
functionentitled ConductObservationPro- EVA requirement,to assurethat the
grammaybe brokendownto a next lower requirementwasvalid andrational. The
level as indicatedin Figure 3. This illus- functionalprocedureswere judgedfrom
tration indicatesthat a discrete set of the standpoingof usingan automatic!

functionsat the secondlevel mustbe moderatherthan EVA, retainingthe EVA
accomplishedto conductthe observation modein either its original or modified
program. It consistsof suchfunctionsas form, or usinga combinedmode. In all

i aligning the spacecraft, alerting the crew, cases, the analysts were seeking effec-
• activating the telescopeexperiment,acquir- tive use of space-station equipmentas
!

ing andverifying the target for observation, well as experimentequipmentandEVA
• conductingan observationprogram,monitor- astronauttime. At the completionof

ing equipmentobservation, andretrieving this analysis, a preferredmodeselection
data. In this examplediagram, the EVA was made.
requirementsfirst appearedat the Retrieve
Data operationor at the third level in the The overridingcriteria in the EVA
functionalanalysis of the experiment, rationale portionof the analysis was
Actually, in someexperimentsit was maintenanceof the experimentscientific
necessaryto go to third and lower-level objectiveandastronaut safety in EVA.
functional flows beforethe potentialEVA Duringthis analysis, the analysts were
requirementswere identified, free to modifyexperimentprocedure,to

modifyexperimentequipment, andeven
Oncethe EVA hadbeenidentified, the to modifymissionoperationsIf deemed

sequenceof experimentprocedures,lnclud- necessary. In additionto maintenance
ing the tasks involvedin the EVA, were of scientific objective, other criteria
delineated sequentially in a formsimilar to for selection or rejection of the EVA mode
a timeline Estimatesof task time, how- were used. For the auto mode(IVA), thei

ever, were not madeat this point, criteria were to minimizeEVA Interruption,
EVA design provisions,and astronaut
workload. For EVA, the criteria were to

'_ Verification of EVA Requirements simpllfy experimenthardware, to minimize
the experiment-spacecraftinterface, to

Up to the point of identifying the poten- recognizeexperimentupdatepotential,
tlal EVA requirements,the analyseswere andto considerexperimentmaintenance.
conductedby technical personnelwhowere An Importantcriterion favoring the auto-
familiar with the scientific objectives of the matlc modewas that of avoidlngthe dis-
experimentas well as with the experiment ruptionof othermissionactivities caused
equipment. With the identification of a by engaging in EVA. It was recognized
potential EVA requirement,an additional in the early periodthat EVA wouldin-
set of analysts was addedto the investiga- volve at least two men:a prime EVA
tive team. Theseanalystswere systems- astronautand, for reasonsof safety, a
orientedpersonnelfamiliar not onlywith back-upastronaut. Further, considering
experimentprocedure,butwith the space that all spacestation personnelprobably
station system, otherexperimentsystems, wouldbe Involvedin bothpre- andpost-
and mission-operationalrequirements. The EVA operations, approximately8 hoursof

VII.2.6
!

1971066602-529



1971066602-530



a missionday could betaken up by a meetingdataquality requirementsof the
• single EVA. MinimizingEVA, therefore, scientific objective. Anotherautomatic

becomesan Importantfactor in considering meansInvolvedthe translation of photo-
the costandefficiency of experimentopera- graphic film overa rather longfilm path
tiono For example, oneof the biosclence fromthe telescopeinstrumentsection to
experimentsInvolvesthe deploymentand an airlock adjacent to the LunarModule.
subsequentretrieval of a series of spore While this techniquewouldhaveresulted
containers,andas initlaliy conceived, in meetingscientific objectives, antici-
requiredeight EVA's to completethe pateddifficulties in transportingfilm
experiment. As a result of the EVA ration- over large distancesresulted in a reduc-
ale analysis, it was foundthat byjudicious tion in experimentequipmentreliability
use of an experimentairlock in the space to an unacceptablelevel. Consequently
station, thespore containerscould be EVA was retainedas a methodof film
deployedin intravehicularin all buttwo retrieval primarilyfor reasonsof equip-
Instances, and still meetthe experiment men,reliability and overall system

: objectives. For this experiment, it was simplicity. F_rther, with EVA as a prime
possibleto reducethe numberof EVA's experimentprocedure,the possib!!lty for
fromeight to two (<.neat midpoint andone iraprovlngthe experimentequipment
at conclusionof the experimeptto retrieve potential throughlater EVA modification
the final sporecontainer), thereby achlev- andupdatincjof experimentequipmentwas
ing moreoptimumuse of space station :_ddedJustificationfor retaining the EVA
equipmentandastronauttime. Another requP_ments.
example is that containedin a navigational
interferometerexperimentconcept. In this
initial form, six separateEVA's were Analysis of EVA Tasks
requiredto deploythe experimentequipment .=
prior to the gatheringof experimentaldata. As a result of the EVA experiment
By modifyingthe experimentequipmentand definition analysis, 84 separateEVA's
procedures,it was foundthat deploymentof were foundnecessaryto performthe 16
the interferometercouldbe accomplished representativescientific andtechnical
automatically, "hereSyeliminatingEVA as experiments. The EVA functionaltasks
a primeexperimentprocedure. In this for manyof these were foundto be similar;
Instance, however, EVA was retained as a whereas for othersthey were foundto be
contingencyoperationfor use in the event uniquebut essential to a single discipline
of failure of the automaticdeployment or even a single experiment. Fromthe ,
equipment. 84 separateEVA's, approximately30

typical EVA's were selectedfor further
analysis of thediscrete astronautfunc-

AutomaticData Retrieval Considerations tions required. This EVA operations
analysis of the EVA tasks to identify

In the case of the 1-meter telescope the EVA functionalperformancerequire-
astronomyexperiment, several automaticmeansmen,sandEVA equipmentrequirements.
of dataretrieval were considered. One In- The analysis was performedat a level of
volvedthe use of electronicdetectorsand detail which Includedall step: required
subsequenttransmissionof data to the space- by the astronautto accomplisha given
craft via cable or a telemetry link; however, task andconcernedbasic functions,
this techniquewas foundto be Incapable of suchas egress/ingress, translation,
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andworkperformancethat mustbe performed. After the EVA operationsanalysis was
For each suchfun,.'.ion, the necessarytech- completed,the buildin.gblocks were
niqueand EVA equ.pmentswere specified, utilized to generatethe overall EVA
Similarly, becausethere arevariousways to requirernents,whichwere categorized
performan individual function, the level of accordingto a require_ent that the astro-
astronautperformancefor eachoptionwas naut have a certain capability to perform
specified also. functionsandto the requirementsfor EVA

equipmentthat permitthe astronautto
Becauseof the largevolumeof des- performthe functions. These require-

criptive detail Involvedin this analysis, it mentswere then statistically analyzed
was necessaryto developa special technique to determinethe frequencyof occurrence
for handlingandanalyzing the data. The for each requirementaccordingto the
analytical methodconsistedof Identifying numberof timesa capability was required
basic sets of EVA functions, subfunctions, in the performanceof the representative
techniquesrequiredto accomplishthe func- EVA tasks. This statistical analysis
tions, equipmehtnecessaryto performthe was usedas a basis for establishing
EVA/functions/techniqueand, finally, future EVA requirementsin termsof
a set of grossperformancemeasures. These techniquesandequipments.
functionsstechniques, etc., weregrouped
into logical combinationsthat couldbe used The buildingblockswere _tructured
to describea discreteEVA activity. Each in sucha mannerthat all logical ¢ombina-
of the descriptivegroups, called building tions of function, techniqueand otherEVA
blocks (BB's), containedonedescriptor requireddescriptorswere Included.
for each basic function, technique, equip- Eighty-elght_building bl_cks wereassem-
mentsets etc. Each suchgroupor buiiding bledto describeall possibleEVA's;
blockwas assigneda decimallycoded however,.theEVA operationsanalysis
number, the digits of which Identified the revealed that only 50 building blocks
descriptorscontainedin the buildingb_ock, were actually requiredto satisfy all the
For example, there were foundto be three EVA supportneedsof the 16 representa-

i basic functions involvedin EVA; therefore, tive sclentlfic and technical experiments.
i the first digit in the numericalcodewas Furthermoresby substitutionof building

usedto Identify the basic function; i.e., blocksto eliminate those less frequently I
1.0, egress/Ingress; 2.0 translation; used, it was foundthat 22 building
3.0, workperformance. The seconddigit blocksaccountedfor morethan 90

[ identifiedthe subfunctionsandso on. percentof EVA usage. Of these 22s _
The decimallycodednumber3.3.2.3, for 4 Involvedthe egreee/ingressfunction, _.

_ example, definesan EVA workperformance 8 the translationfunction, and 10 the
functionrequiringa two-handapplication of work performancefunction. _ .

I_ a heavyforce (25 to I00 pounds)by means
of a handtool at a worksite wherethe work
reachdistance is nogreaterthan four feet EXPERIMENT EQUIPMENT DESIGN
and Indicatesthat the astronauthasthe use
of dual foot restraints anda flexible waist The experimentdefinitionand EVA
restraint. The codenumberalso indicates operationsanalyses lead to sometenta- _.
that the astronautmustbe supplied with a tive c_qclusionsregardingthe designof _. .

it and umbi!ically suppliedlife earth orbital scientific andtechnical ispacesu

supportsystem, experlment_requiring EVA support, i

I
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• For example, a review of the eight most obstructionswhich w_ld causeexcessive

frequentlyusedtranslationbuildingblocks effort in the translatio_ or which could
Indicatedthat the greatestusageInvolved dauseentanglementordifficulty in tether

i luranslatlonof the EVA astronautonly; and and umbilicalmanagement. Similarly,
: the secondmostfrequentlyusedInvolved the path mustbe free of sharpedges
: translationof an EVA astronautplus cargo which couldabrade, tear or otherwise
; of moderatesize ( 50 Ibs mass). In both damagethe astronaut's spacesuit, life

casesthe translation distancesInvolvedwere supportsystem or otherequlpment. Also,
: up to a maximumof 60 feet. fromthe standpointof safety, the transla-
i tion path of the prime EVA astronaut
I Similarly, an examinationof the building shouldbe completelyin view of the back-
: blocks Involvingthe work performancefunc- up EVA astronautstationedat or nearthe

tion, reveals that the mostfrequentworksite point of egress.
actionsare positionandre-positioning

i activities of the astronautandof the equip- The path shouldcontainpre-installed
men,the astronautis either using or handling handholdsandhandrails. The requ|re-
at the worksite. It is no surprise, then, mentthat the astronautuse portablehand-
that the mostcommonEVA equipmentsused holds or handrailsresults in a time con-
at the worksiteare restraints, bothastronaut s,ming translation, leaving too little
restraintsandequipmentrestraints. The ,.eseabletime at the worksite.
type of astronautrestraint conditionmost
frequentlyrequiredat the workslte involves Cargocarryingrequirements,
a flexible/variable waist restraint plusfoot especially over longdistancesshould
restraints, be kept to a minimum. If such transfer

is necessary, the cargoshouldbe kept
Onthe basis of this type of information small in size andvolume. An EVA

derivedfromanalysis of astronautEVA func- astronaut is heavily encumberedwith
,ions as represe#_4 by the mostfrequently spacesuit, life supportsystemandrelated
usedbuildingbloc s, sometentative guide- essential EVA equipment. There is little
lines for experimentdesigncan be formulated, roomavailable onthe astronaut's person
For conveniencethe guidellnesare keyedto for harnesses,slings, or other devices
the two basic EVA functionsInvolved, i.e., for carryingcargo. In the design of
translationandworkperformance. In addition, experimentequipment,seriousconsidera-

the guidelinesare Influencedb.,,EVA safety tion shouldbegiven to stowingspare
precautionswhichare baseti onanother modules,spec;al tools andother items
phaseof the studyconcerningas_.ronaut for use in EVA at the equipmentwork-
safety andrescue in EVA. In general, the site rather thanelsewherein the space
basicgroundrulesare safety andmlnimlza- station for subsequenttransfer to the
,Ion of requiredEVA astronautworkeffort, worksit_during EVA.

Translation Worksite

Manualtranslationpaths, those from Like the translation path, the
the pointof egressto the experimentequip- worksitearea mustbe free of rough
mentas well as thosearoundthe equipment, edgesandsurfaceswhich could abrade
shouldby the shortestpractical distanceand or damagethe astronautsessential
mustbe free of Interferingstructureand EVA equipment. The site mustbe
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accessible, be adequately illuminated, and Integral part of the modulesuch that the
mustprovidethe necessz'"yastronautand electrical connectionis madewhenthe
equipmentrestraints to enable the astronaut modul3 is seated in positionand fastened
to position himself in the most advantageous down.
work positiun. The restraints shouldbe pre-
located at the worksite with sufficient flex- Not all of the experimentsexamined
ibility to enable the astronautto reposition in the analysis requiredthe maximumtime
himself. Four-foot lateral repositionings available for EVA. The EVA requirements
were found to be the maximumrequiredin for the variousexperimentsrangedfrom
the studywith two-foot repositionings slightly less than one-hour uo to the full
beingthe most;ommon. However, virtually projectedEVA capability of the EVA
all the astronautrepositionlngsalso Involved astronaut(3 to 4 hours). However, each
equipmentrepositionings, separate EVA, even the shorter ones,

require two men(primaryEVA astronaut
The accessibility of the worksite should anda back-up EVA astronaut), and both

be suchthat the astronaut is not required to menare Involvedin approximately2 hours .
makemorethan a full armreach duringwork of pre-and ;wo hoursof post-EVA proce-
performance. Similarly, waist bendingmo- dures(equipment donning, doffing, check-
tlons andheadandshoulderreach-in should out, etc.). A nominaltwo-hourEVA, then,
be avoidedlargely becauseof the restricted actually Involves a minimumof two menfor
mobility of the space suit andthe dangerof a period of I0 to II hoursor approximately
striking the life supportsysi;emback pack half a missionday. In the Interestsof
against the open;J_g, utilizing missiontime mostefficiently,

it is desirable that the EVA's be of max-
Obviously, the worksiteworkperform- lmumtime durationand of fewer number

anceactivities will have to be limited to than the otherway around. This Indicates
i perfolmancelevels whichare within the that the scientific/technical experiments
i capability of the space suited EVA astro- requiring EVA support, especially those
; naut's limited manipulativedexterity. For requiring relatively short EVA's shouldbe
! example, maintenanceandsub-assemblyre- sufficiently flexible in designto allow
I placementfunctionsshouldbe at the modular the experimentIntegratorsandm;ssion

i Interchangelevel with minimumfastening/ rlanners somelatitude in the sctzedulingunfasteningactivity requiredfor removaland uf the EVA. This type of experiment
replacement. Modulesor partsrequiring flexibility will enable s_veral separate

I accuratealignmentor placementshouldbe EVA supportrequirementsto be accom-
i _ prwided with guiderails or locatingpins. plished in onesingle EVA of maximum

_ duration.
I ; In designingequipmentsfor scheduled

maintenance(Instrumentor modularInter-
! change)t considerationshouldbegiven to

designingthe equipmentto reducethe number
of discreteworkperformanceactionsrequired

i to performthe maintenance. Rather than1 designa replacementmodulesuchthat elec- _•
trical connectionshaveto be madeand
brokenseparately, a preferableapproach
wouldbe to de=ignthe connectionas an
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A SIX-DEGREE-OF-FREEDOM SI_LATION TECHNIQUE
FOR EVALUATING SPACE MOBILITY AIDS AND TASKS

Ao E. Wudell and W. H. Tobey
Staff Englneer Staff Englneer _-

Martin Marietta Corporation, Systems Research De;art_nt
Denver, Colorado

SUMMARY: A sinnlatlon technique has been developed to

evaluate space nmbili_- aids and tasks. The slx-degree-

of-freedom, compute;-controlled, movlng-base simulation
is used to analyze a variety of mobility aids as applied

to specific tasks and to make detailed analyses of an

individual mobillty aid as applied to elen_ntary tasks w
that, in combination, make up more complex tasks. Task-

related hardware (cameras, tools, mockups) are integrated =
into the simulation.

INTRODUCTION cassettes, and return to the _S.

The problem here is to determine
Grand-based simulation has and the best mobility aid to use by

will continue to have a significant comparing r_elr performance, as

role in evaluations of space mobil- established in a proven simulation,

ity aids and in analyses of exper- as well as their subJectlv-_
Iment tasko requiring ast-onaut desirability and m£sslou £nte-
mobility and stabilization. For gration characteristics.

the purposes of this paper, a

• mobility aid is defined as any _e second catego_> of problems
device that aids an astronaut's arises when a maneuvei"ing unit has
mobility while performing extra- beau defined, and possibly built,

vehicular activities (EVA). and its overall performance needs

Thrusted uaneuvering un/ts (back- to be established. The problem
packs, handguns, Jet sho_s), here is to perfozm a ground-based
v_,icle-powered aids such as simulation wlth sufficient detail

serpentine aet_stors (Serpentuaters)p and accuracy to support believable
__ and passive devices (handrails, predictions of _erforma_ce in

: tethers) are, therefore, covered by space, _-
the deflnltlon.

: This paper discusses the

! Frvblems that require analysis Martin Marlett_s Coxporatlon's

and evaluation of mobility aid slx-degre6-of-freed_% moving- [
applications present themselves, base simulation and its appli-

I typically I in two ways. Iv _he cat£m to these problems. The
first categox 7 , an EVA mobility sin_lat£on concept incorporates

I tjtsk is defined in ternm of an realistic d._mmic_, structures, "IlL
t experiment goal. For example, au t_ols, and ,mpport:ing hardware. "
! astronaut must leave the Orbi_tl A test subJecCl riding on the
I Workshop (_S), travel to the simulator carria_e, underEoes
, LM/A2M_ remove and re, lace film translational aud a_titude dyzm-
l
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talcs duplicating those he would The following two sections describe

_ encounter in zero-g while using a examples of these problems and the

particular mobility aid. The simulation d_ta that is required

position servos on the carriage to aid in their solution.
and gimbals are connnanded by a

hybrid computer" that determlne_,

through inputs to its progrsm, the .LM_ATM Film Cassette Removal/

approrrlate inertial responses to Replacement
test b,,bJect maneuvering unit

! co,.mnds, llmb motions, and vehicle- In current plans for AAP

contact forces and torques. Limb mlssi_ns 3 and 4 (required to
motions and vehicle contacts are orbit and man r.he cluster con-

measured, respectively, by a Limb figuration with the LM/ATM), four

F_tion Sensor (LIMS) and load cells. EVA's are scheduled for LM/ATM

film cassette handling. In each

Virtually all dynamic parameters EVA, seven cassettes must be re-

in the slnulation are accessible moved from the A_M canister and,

--. at the computer. For each study, in the first three EVA'.*, the

the appropriate parameters are cassettes must be replaced by

selected, processed, and recorded cassettes stored in the LM interior
in formats that minimize data or the Crew Provisions Module. As

' reduction, shown in Figure l, the astronaut
will travel between the airlock

Follow_.ng the discussion of the module, A, and work stations B

mobility aid problem areas given and C on the LM/ATM.

---_: above and how Mkrtin Marlet-_a's

approach can aid in achieving their Keeping in mind that this

solution, the paper presents a task is an example and that a

description of the first program, s.4milar task in the future will

a "Jet Shoes" evaluation, timt in all likelihood have dlfferent

utilized this si_mlatlon technique, vehicle and mobility constraints,

This _ater:ml is followed by a it is possible to envision using

description of Lie _ihods used to any of the previously-mentloned

integlate str.,ctural envlronmen__s, mobility aids in transporting the

svch as portions of the OWS, and astronaut along r_he paths shown.

, experiment hardware, such as powered In order to create a more general

maneuverl _ unit mockups, worksltes, example, assume that any of the

: and motion pic_ire cameras_ into mobility aids can be i_corporated

i the constraints of this dynamic in the mission. Looking at these

slmul_ion, aids in a general sense, a thrust- '

• ed maneuvering unit would give

: the most complete freedom of

' MOBILITY AID APPLICATION PRDBLEMS motion. Handrails or a Serpentua-

tor would be more restrictive, in

. As stated in the Introduction, terms of available maneuvering

analyses of the ap_licatlon of volume, but would provide positive

mobility aids to EVA tasks gener- physical attachment to the vehl-

ally are spawned when (i) a mobil- cle and a controlled path relative

i ity aid must be cLosen for an to it at all times. In the _ture,

' assigned EVA tLsk or (2) the EVA tasks may also have to take

: overall potential performance of into account the possible avail-

a mobility aid must be estab_ Ished. ability of a material handling
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FIG. I - LM/AI_ CLUSteR CONFIGURATION

device mounted on a maneuverable needed to aid in selecting the

vehicle or Serpentuator. Such a proper mobility aid.

device woold require no EVA and

might afford greater overall physi-

cal protection for the astronauts. Overall Performance of a Mobility
Aid

In thi3 generalized, hypotheti-

cal example, assume that typical _e second category of mobil-

constraints exist such as (i) a i_- aid application studies con-

limited amount of EVA time can be sists of detaileH analysis of the

used, (2) a potentially marginal overall mobility performance of

amount of maneuvering unit fuel a particular device. Solving this

will b, available, (3) a stabilized, type of problem with a simulation

long-term experiment on the cluster requires a generalized program tha_ .

requires that the EVA astronaut examines each facet of a mobility

keep his forces and torques on the aides performance characteristics

cluster below some known level, in datail.

and (4) the astronaut must maneuver

around and between structures such To accomplish this analysis .

as solar panels without contacting for thrusted maneuvering unlts_

them. In this case, either a dress EVA mobility tasks can be broken

rehearsal in space or, and more down into their basic elements and

preferably, a proven ground-based all of the elements grouped in a

simulation must provide the time, llst of basic maneuvers such as the

fuel, vehicle perturbation, and one given below. Test subjects

position controllability data would then be given _he appropriate

Vll. 3.8

1971066602-538



maneuvering aid and required to to zero as quickly as possible.

perform the maneuvers repeatedly.

131e detsiled_ reduced data from Moving Inspection

this simulation program would allow Starting from a stationary

analytical construction of complex position, the subject moves along

EVA mobility tasks through sequenc- an S-curved surface without con-

ing of basic maneuvers, tile follow- tacting the surface. A visual

ing is a typical list of basic task is provided so that he must

maneuvers: stay within some predetermined
distance from the surface to com-

Single Axis Attitude Control plete the maneuver successfully.

From a stationary position,

the test subject makes an attitude Translate Around Corner

change of a specified size about Starting with a velocity

one of his principal axes and vector parallel to a surface, the

stabilizes in his new orientation, subject cc..cinues along the surface

He should minimize his translations without contacting it, turns a

and non-specified rotations. This right angle corner, and p-oc=eds

is repeated for each of his three along the new surface, still with-

' principal axes separately, out contact.

Three A_is Attitude Control During thest tests, recorded -

This is the same as single data should be obtained on time,

axis except the specified rotation total impulse, and range of astro-

does not coincide with one of the naut dynamics (position, rate, and

! subjectls _rincipal axes. There- acceleration histories in trans-
fore, two or three axes of control lation and attitude).

: must be exercised.

i Kepeating this process with a

Transfer Initiation variety of maneuvering units and,

Starting from a stationary with minor variations, other

position, the test subject is mobility aids, would provide a

; given - fixed distance in which to data base for predicting complex

! establish a specified velocity task performance profiles. The

i vector and start coasting toward data should include, where appli-

a target. Prior to entering the cable, not only the astronaut

coast phase, the subject should dynamics, but also the self-lnduced

act to reduce his tumbling rates torques and vehicle contact forcesi

to a minimum while keeping the and torques. The latter items are

i target in view. particularly important if the astro- ,
! nautis motions interact with and

; Brsking place a working load on a vehicle

Starting with a velocity or mobility aid stabilization

vector toward a target, the sub- system.

Ject arrests his approach and
comes to a stabilized holding7

position at, but not contacting, SIIRIIATION OF MOBILITY

the target. AID APPLICATIONS
I

! 1_amble Recovery The Martin Marietta Space

: The subject is given a Operations Simulator (SOS) facility

tumbling rate about an axis not provides a basis for studying a

aligned _=h his principal axes. wide range of space problems: EVA,

He then brings his attitude rates I':A, space to ground tracking,
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space to space tracking, r_ndezvous,

docking and Serpentuators. _ Space

hardware such as optical radars _
can be evaluated. This section

includes a descriptJ_n of the SOS I __' '_""

facility and the te_nnlque used _-_h _
to evaluate mobility aids in the

facility. Also, a discussion of I _ "

a data generation and analysis

capability is included. , _.

/l
Facilit _, :_.

eO_ [I//I;. s J

Simulation experience, gained

from studies of space problems FIG. 3 - MOVLNG BASE

over the past several years, has

provided the base for determining the _powered _ simulation approach

the present configuration of the rather than the _free-motlon _

Space Operations Simulator facility approach. A 90 by 32 by 24 foot

as shown in Figure 2. Simulator room, providing an 8640 cubic

foot maneuvering volume, houses

- the moving base which is servo-
driven in three translational

axes and three rotational axes.

_--_ I" The base of the carriage translates
• _. the length of the room on three

_!_ rails and is driven by fou. one

'.'_ horsepower AC motors which engage .if

-- _" two gear racks mounted on the floor.: The vertical pedestal translates

_/ !; on rollers and rails laterally on

_ i \ the base structure and is driven

\ by two, one horsepower AC servo-

: _ "\ motors. The gimbaled head located

• " on the front of the pedestal is

supported by a set of negator

; FIG. 2 - SIMULATOR FACILITY springs and a counterbalance

weight. This system effectively
design and performance require- counterbalances the weight of the

ments have been considered and gimbaled head and its payload. Twr

presented previously. 2 The one-quarter horsepower DC motors,

Space Operations Simulator facil- which engage two vertical gear

i_y consists of five interdependent racks on the front of the pedestal,

parts -- the moving base carriage, provide the servopower for the

the control capsule, simulation vertical translation. The gimbaled

instrumentation, the test monitor head (Figure 4) has been designed

station, and the hybrid compute- to provide maximum safety and

tlonal equipment -- as shown in freedom of motion for the test

Figure 2. subject. Motors and gear drives
are enclosed in the structure of

Moving Base Carriage the glmbals. The glmbal sequence

The Martln Marietta moving of roll, pitch and yaw was selected

base e_rriage (Figure 3) u_ilizes because it allo_;s all three drive
I
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FIG. 4 - GIMBALED HEAD FIG. 5 - CONTROL CAPSULE

axes to nominally pass through the contains sufficient display and

c.g. of the test subject. Thus, control instruments to allow several
counterbalance aad overhanging types of space mission tests to be

moment problems on the gimbal axes run. These tests include both
are minimized. Each glmbal is manual and automatic piloting and

driven by a one-quarter horsepower ground tracking as well as aerial
DC motor. The overall weight of tracking. Normally_ a flight

the _ving base carriage is 5000 requires the use of both the out- •
• Ibs. Simulator performance is the-window scene and several

shown in Table i. instruments.

' Control Capsule Simulation Instrumentation

i Several control capsules have Limb Motion Sensor (LIMS) -

been in operation in the SOS For many of the manned simulations
laboratory; however_ the one that (EVA, IVA, Maneuvering Units, etc.)

seems to provide desired flexi- it is necessary to compute c.g.

bility is shown in Figure 5. This shifts and inertia changes as a
mockup has a t_,o-man capacity and function of limb position. Also,

!

TABLE i - MOVING BASE PERFORMANCE

i Longitudinal Lateral Vertical
: J

. Travel (ft) 60.0 + 6.0 + 6.0

Velocity (fps) 3.0 3.0 3.0
!

Acceleration (fps2) 6.0 3.0 3.0
i

i Roll Pitch Yaw

'- Travel (rad) + 1.0 + 3.8 + 3.1

!

Velocity (rad/sec) 2.0 2.0 2.0

Acceleration (rad/sec 2) 8.0 8.0 8.0 i
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i:. the case of some maneuvering The worksite or vehicle mock-

units, the orientation of a thrust up is mour'ed on a load-sensing

vector relative to the test sub- platform which is an equilateral

ject_s torso must be known. The triangle with two load cells at

LIMS (FiBure 6) was designed to each apex. The load cells are

mechanically attached to the plat-

form with pairs of flexure joints.

_ne total configuration is syrmnetri-

" cal about any axis that contains

, the centroid and any apex of the

triangle.

Test M_nitor Station

__ Simulator operation is con-

trolled by an engineer at a test

• monitor station. From the monitor

panel he has control of the servo-

_ power to the moving base and the

." _ computer control signals. Also,

1& _ a wide range of test points can

be monitored. The monitor station
provides another safety check on

% the prJper functioning of the simu-"L

, . __ lator. The engineer can override

; v ___ the computer and remove power from
the moving base at any time.

Compu tationa i Equipment

l_,e simulator is supported by

two computer systems. One system

FIG. 6 - LIMB PKrfION SENSOR contains four EAI 231R computers

located as an integral part of the

fill this need. By monitoring _he facility. The other consists of

orientation of each of the body a hybrid computer (Figure 7) in-

pivot points and knowing the

length of the connecting links, -__ <

the dynamic effects of c.g. shifts,

inertia changes and self-induced .. -"

rotations can be computed and _ ..-

introduced properly into the | --_--_

problem. Also, the orientation
and location of thrust vectors

for simulated handguns can be _ I "7
computed using LIMS extensions.

Load Cell Array - For EVA/17A _r_A_"/-/' _.simulations where the test subject . i _ p---- _ .......
is in contact with the simulated

space station, the contact forces FIG. 7 - HYBRID COMPUTER
, and moments must be measured in

: order to be able to simulate the stallatlo, consisting of three

problem. In the SOS facility_ an EAI 8800 analog computers, one

i array of load cells is used to EAI digital computer, and one

measure the contact conditions. EAI 8930 linkage _ubsystem.

, VII. 3.7
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Technique in contact with the worksite, the
contact forces and moments, as

The information flow of the measured by a set of load cells,

mobility aid simmlation technique are sent to the computer. The

is shown in Figure 8. A test sub- effects of the contact forces

ject is suspended from the inner and moments on the rest subject's

gimbal ring of the moving base motion are computea by the hybrid

simulator (Figure 4). The test program and the sinml_tor position-

subject can maneuver in the room al commands are modified according-

using the controls of a simulated ly. Thus, the test subject moves

maneuvering unit. A math model dynamically about the room or

of the maneuvering unit including worksite as if he was working

switching logic is contained in in zero ,gU.

the computer program. A Limb Motion

Sensor (LLMS) attached to the test

subject's body is used to monitor Data Generation and Ar_iysis

the position of the ,rarious body

• segments. Information from the Since all the dynamic para-

. LI_, along with thrust initiate meters are contained at some stage

I signals from the maneuvering unit of computation in the hybrid cora-l
i controls, is used by the hybrid puter program, they are available

computer to determine continuously for data generation and analysis.

the positional servo-commands for Typical parameters which can be

the moving base and gimbals. The monitored during a simulation are:

computer program _ontains the body rates, body attitude, body|
equations of motion and approxi- velocity, body position, contact

mates the test subject by a model forces and moments, thruster

_n consisting of nine rigid body ignals, and fuel consumption.

segments. When the subject comes The objectives of a particular

VU.3.8
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program determine which parameters controllability about each of the

should be monitored to allow the attitude axes. Also, he learned

desired analysis to be performed, the relationship between ankle

Time histories of the dynamic para- positioning and the resultant
meters can be recorded in various motion when the thrusters were

ways: digital tape, X-Y plots and fired.

strip charts. The digital tape

allows for analysis of the data First tP,e test subject was --

using a separate digital program, given only pitch freedom (face up

When large quantities of data must or down _otion). i_tch control

be analyzed, a digital program is is obtained by rotating the ankles

the most efficient method. End in a paral]e! action up or down.

conditions can be printed out auto- An ankles-down motion results in

maritally. These, along with the a face-up body rotation. The

X-Y plots and strip charts, allow subject could travel 300 degrees

the test conductors to survey the in pitch having a maximum aceelera-

subject's perfozu_mnce during the tion of three-tenths of a radian

test runs. per second squared. Next the sub-

ject was allowed to prectice roll

,, attitude control (front-to-back
"JET SHOES SII_JIA flON axis _ugh his mid-section).

Roll cJ_arol is obtained by tucking
At the time the decision was t" =_ a._kles in or out. One ankle

made to modify the simulation to nllst Pe tucked in and the other

accommodate maneuvering aid out. The maxinmm roll aecelera-

analyses, the simulator was con- tion is one-tenth of a radian

figured for studies of crew motion per second squared. Next the

effects on vehicle stability, subject practiced yaw control Ileft

Appropriate blocks of equations or right rotation). By pitch-

were added to the hybrid program ing one ankle up and one ankle

so that it included the effects down, yaw coptrol is obtained.

of a maneuvering aid. u Jet Shoes N l'ne left ankle uown and the right

were selected as the first maneuver- ankle up produces a yaw motion to

ing unit to be analyzed because of the right. The subject could

existing interest and because they travel 90 degrees in yaw having a
offered the chance to use the LI_ maximum acceleration of two-tenths

directly in generating thrust vector of a radian per second squared.

information, his initial p1"ogram

, was, in effect, a trial run to Following the single degree

explore the problems of using this of freedom attitude control prae-

simulation technique for analyzing rice, the subject was allowed to

maneuvering aids. practice controlling all three

degrees of attitude control slnml-

taneously. This permitted the

Subject's Learning Phase subject to gain a feel for the

degree of coupling between the
Before the test subject was rotational modes, he attitude

allowed to fly a test maneuver in modes are essentially decoupled
six-degrees-of-freedom, he went from each other when the feet are

through a sequence of runs with properly positioned. Ibis and

limited degrees of freedom, This the singze axis practice aided

allowed the test subject =o gain the subJec_ considerably :.n learning "

a realistic feel for the available to control his attitude.

i VII. 3.9
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To introduce the subject to for the ot1_er to his right.

his tcanslational control capa-

bility, the subject was allowed For the target left runs, the

to fly a planar maneuver having subject was given initial velocity

one degree of attitude control conditions of one-half foot per

(pitch) and two translational second downward velocity and one-

degrees (vertical and longitudinal), half foot per second longitudinal

The subject started out in aver- velocity. He was required to

ileal orientation facing a red translate eight feet laterally

vertical target forty feet away. and forty feet longitudinally to

He performed a face down pitch reach the target. He was given

maneuver to point the thrust an initial yaw condition such

vector at the target through his that he did not face the target.

center-of-gravity (c.g.). Then When tile run started, the subject

the subject fired the thrusters had to alter his velocity so as

to close on the target. The maxi- to clos= on the target_ In six-

mum available acceleration was three- deBrees-of-freedom, he had to yaw

tenths of a foot per second squared, to face the target while at the

He nominally maintained an attitude same time arresting his vertical

with his head pointing at the target velocity. Then a pitch maneuver

during the coast phase. The maxi- was performed and the subject

mum closing velocity reached was accelerated at the target. The

two feet per second with a flying test subject was instructed to

time of twenty-five seconds, fly so that the target was within

i his reach at the end of the run.
J The test subject was also allow- Also he was required to have hisz

i ed to practice two six-degree-of- rotational rates reasonably
freedom test maneuvers. _hese man- arrested upon contacting the

: euvers, discussed in the following target with his hand(s). He was

section, consisted of flying to a allowed to contact the target with

t_rget in six-degrees-of-freedom, the velocity he had accumulated

The subject accumulated approxi- while maneuvering toward the

mately five hours of flying time target. Thus, he did not have

during practice and while making to perform a braking maneuver

the data runs, at the end of the run. The

target right runs had the same

initial conditions as the target

Data Runs left runs except _he target was

on the subject's right. During

Translating to a target having the forty foot translation to the

an initial relative velocity is one target, the subject also had to

of the more difficult tasks that maneuver laterally two feet to

an astronaut will have to perform, his right.

lherefore_ it was considered impor-

tant to start the subject out with

non-zero initial velocity condi- Data
_.ions. The data runs consist of two

: i

mission type maneuvers, each repeated Summaries of the data taken

! five times. The _._ mission type during the test maneuvers are

maneuvers are similar except for shown in Tab!o 2. Since the

the relative position of the test target left and target right

subject to _he target. For th_ maneuvers are very comparable,

one maneuver the target was posi- the data from each of the man-

tioned to the subject's left and euvers should be comparable. The

VII. 3.i0
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TABLE 2 - _JET SHOES" SIMULATION DATA SUMMARY

Thrust Trenslational V_locities

Time Pulses X Y Z
Maneuver

Max Vel Max Vel Max Vel
Left Right

(Sees) (Ft/See) (Ft/Sec) (Ft/Sec)

Target Left

Run I 15,3 ii 9 _B .2 .3
Run 2 19.9 12 ii 1.4 .b .4

Run 3 13.5 ii i0 Ioi ,4 .2

RUn 4 13.7 I0 i0 I.2 .2 .4

RUn 5 10.3 9 6 1.9 .4 .5

Average 14.5 Ii 9 i.I .3 .4

Tarset Right

Run i 14.3 14 i0 I.7 2 .5

Run 2 6.9 9 7 .9 .I .i
Run 3 20.6 18 16 I.i .i .0

Run 4 20.I 18 18 i.4 .i .4

Run5 lO l_0 ._I .2
Average 15.0 14 12 i.2 .i .2

m,

Flight Rotational Rates

"_neuver Time Pitch Yaw Roii

Max Rate Max Rate Max Rate ,,

(Sees) (Rad/Sec) (Rad/See) (Rad/Sec)

Target Left

i Run i 78.3 .220 .105 .002

: Run 2 63.0 .280 .i00 .001

Run 3 68°0 .188 .090 .001

Run 4 61.6 .300 .105 .001

Run 5 69.3 .12..__5 .024 .002 :

Average 68.0 .223 .085 .001

Target Right "_'=_

Run i 63.0 .250 .080 o003Run 2 80.3 .150 .045 .003

Run 3 74.5 .280 .070 ,004 :
Run 4 6£. 0 .220 .150 .005

'.t Run 5 7O.5 .,.3OO 0_.q_33 . oo4,
!
i Average 71.5 .240 .076 C4

I

}
! r

O,
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data in the Lable verifies chat tinuous recordings showing the

this is true. The average flight subject's position in the sin_a-

time £or a typical run wa_ 70 lator room were taken. Figures

seconds, reaching nmxinmm veloci- 9 and i0 are plots of _,hese data,

ties of: 1.2 ft/sec in X, 0.3 Figure 9 shows a history of the

ft/sec in Y_ and 0.4 ft/sec in Z. subject's vertical position versus

The average thruster on time longitudinal position. Since the

during a run was 15 seconds with target was vertical and extended

each thirster being fired an from the top to the bottom of the

average of 12 times. Maximu_ room_ the subject could contact

angular rates of 0.30 rad/see the target vertically anywher_
were reached. This rate was over a distance cf i0 ft,, From

about the subject's pitch axis as Figure 9 it can be seen that the

would be expected because a large subject coutacted the target with

pitching motion is required to a vertical position spread of 8

perform the maneuver, ft. Figure i0 shows a history
of the subject's lat, _al position

For the target left runs, con- versus longitudinal position.

-4 ! i I / m= M_.--2
, /

/
/

I

I

_ ,

° J -%-/ 0 " ......

o

gt
o ,P

•,4 • m ................
4J •

c24 Z"

£ I ,

0 8 16 24 32 40

Longitudlrml Position (Feet)

,_ FIG. 9 - SUBJECTfS VERTICAL POSITION HISTORY
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FIG. i0 - SUBJECT'S LATERAL POSITION HISTORY

The lateral position spread at Y};"_EGRATIONOF RELATED I{ARDWARE
contact was 5 ft. At contact in IN'fO SIMULATIONS

each run, the subject could

reach the target with either Any mDbility aid simulation

his right or left hand. The technique or facility presents
largest contact velocltyp 1.5 ft/ unique problems if the actua]

seep occurred in the longitudinal hardwar,: or mockups of hardware
direction. The average lateral and stntctural environments are ..

contact velocity was 0.6 ft/sec included in the slmulation. In

_:_: and the ,_verage vertical contact the Martin Marietta SOS_ operating
velocity was 0.2 ft/sec. The maneuvering units aro not required

: average angular rates at contact since all unit characteristics are

were: 0.14 rad/sec in pitch, synthesized on the hybrid computer.

i 0.08 rad/sec in roll, and 0.01 _erefore, taklr_ a backpack as-!

I red/sac in yaw. an example, only the controi arms
and mechanisms that extend forward

I

|
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t

I

from the subject's _orso are in-

cluded in the sinmlated backpack.
r

Mockups of segments of vehicles _ ,

must be placed three feet or more
above the floor of the SOS so that

] they provide ciearance for the * : _

• therefore, be up to twenty-one

i_ feet tall without contacting the !2._ -r_--___" --" "'__
simulation chamber ceiling. If m r

I a particular maneuver requires

i that the subject penetrate into _--__--

a recessed area of a mockup, the / _irecess must be at least two and

one-half feet wide up to a depth j _of four feet to accommodate the ....-
gimbal yoke. ._t depths greater I
than four feet, the recess entrance

, must be at least six feet wide and
eighteen feet high to allow en-

!

trance of the moving base's FIG. li - INST_JMENTED WORKSITE

:_ pedestal.

other experiment hardware such as

One large mockup currently motion picture cameras, astronaut

' being installed in the SOS con- position locators, OWS interior

sists of a h_.if-section of the lighting, and equipment bays and

OWS forward tank area (cut along racks so that these may be

a longitudinal plane). The mockup evaluated simultaneously with the

is being installed with the longi- mobility tasks.

tudlnal skis running vertically
and khe lower floor is absent to

allow clearance for the moving CONCLUDING REMARKS

base and pedestal. The test

subject will be able to maneu_,er As the spectrum and complexity

anywhere within this OWS half- of EVA mobility tasks grows in the

volume, future, it is certain that virtually

all dynamic parameters in t/_e tasks

Any worksite on or within a will come under quantitative scru- ,

mockup can be mounted independently tiny. Therefore, considerable

on load cells (Figure Ii). For importance is attached to the

an experiment such as M-509, development of a six-degree-of-

"Astronaut Maneuvering Equipment , freedom mobility aid simulation

where an astronaut will fly vari- that will provide data for accurate

ous maneuvering units within the prediction of flight performance. •

OWS, ground-based simulations The Martin Marietta Space Operations

should include, eventually, both Simulator, when exercised to its

maneuvering unit and vehicle con- full capability, provides an accu-

tact effects. Tho- Martin Marietta rate simulation of an astronaut's

simulation is capable of providing motions in space. Although the

both of the :c in a full-scale test subject senses the one-g

mockuo. This sinulation also will laboratory environment, his motions

lead to ease of installation of are purely a function of his man-

Vll. 3. 14
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euvering aid thruster i_0ulses, his ,

contacts with other vehicles, and

his limh-n_0t£on-lnduced rotations

and inertia changes.

Full-scale mockups fixed in the

simulator chamber provide realistic

surroundings for moLility tasks.

Clearance for the moving base is re-

quired behind the test subject but

it is generally possible to orient

the tasks so that the mockup does

not interfere with the moving base.

The mockups also provide for inclu-

sion of equipment that is related

to, or that might ±nterfere with,

the mobility task. The effect of

this equipment on the mobility task
can then be evaluated.

Since this is a computer-driven

sin_lation, all dynamic parameters

are available for processing _nd

recording in appropriate formats.

Typically, the greatest data genera-

tion problem is selecting an appro-

priate and practical set of para-

meters for recording from the total

available set.

The initial efJet Shoes 4' simula-

tion verified another key factor;

the subjective suitability of the

simulation. The test subject felt

comfortable and capable of con-

trolling the problem after a total

accumulated simulation flight time

of five hours.
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EXTRAVEHICULAR ASPECTS OF THE
AIR FORCE DO21AND D022

ORBITAL WORKSHOP EXPERIMENTS

Fred W. Forbes, Technical Area Manager

Adam W. Cormler

Fred W. Oliver

Steven D. Shook

Air Force Aero Propulslon Laboratory

Wrlght-Patterson Air Force Base, Ohio

SUMMARY: Experiments D021 and D022 are two of the ex-
periments aboard NASA's Orbital Workshop which depend
upon EVA for their performance. 9021 will evaluate
the elastic recovery materials and design philosophy
of an expandable airlock; D022 will provide samples
of materials which have been chemically rlgidlzed in
space.

INTRODUCTION
Pegasus, designed to determine

During the past eight years the meteoroid flux in near-earth orblts,
Air Force and NASA have conducted required a structure with a large

considerable research and develop- surface area to maximize exposed
merit on expandable materials and area for meteoroid impact. This
structures technology for space ap- satellite had a deployed wing span
pllcatlon. This R&D has ranged from of 96 feet. Again, because of

: basic materlals research through booster launch limitations, an ex-
fairly sophisticated ground fabrlca- pandable structural concept was used
tion and demonstration of articles in lts construction.

such as lunar shelters, crew trans-
fer tunnels, and solar collectors. Although both the Pegasus and
Examples of these are shown in Figure Echo programs utilized expandable
i. structures, the type of structure

employed was either extremely light

Simpler but less versatile ex- weight (3 lb/1000 ft 2 surface area
pandable techniques were employed in to 7.1 lb/lO00 ft 2 surface area) or
the Echo and Pegasus sate11Ite pro- unfolded mechanlcally.
grams of the National Aeronautics and
Space Administration. The two Echo Chemlcally-rlgldlzed and elastic
passive communications satellites recovery structures have a high
were large spherical reflector an- degree of potential for appllcation If
tennas. Their diameters (I00 feet to crew quarters, reentry vehicles,

' for Echo I and 125 feet for Echo If) alrlocks, and lunar shelters. There-

' : were obviously too great for such fore, a series of more advanced
' _ vehicles as Saturn and Titan 3, re- development-orlented and flight

quired that the structure be expand- demonstration programs have been

; i able.

i
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planned to provide sufficient expand- OBJECTIVES OF EXPERIMENT D021
able structure data to permit systems

engineers to utilize technology for The DO21 Expandable Airlock
the previously mentioned applicatlons, will obtain considerable information

on the elastic recovery structural con-
The DO21 Expandable Airlock Ex- cept for simple airlock applications.

periment and the D022 Chemical Rigid- Specifically, the experiment will (i)
ization Experiments are the first ascertain the ability of elastic re-

examples of these programs. These covery structures to withstand the

experiments were defined for the Orbi- boost and launch phase of a typical
tal Worlmhop (OWS) program and were mlscion, with subsequent successful

formally approved by the Manned Space deployment in orbit; (2) validate

Flight Experiment Board, MSFEB. The the successful performance of these
orbital workshop presented an early materials in operational use when

opportunity to execute these expand- subjected to the total orbital en-
able structures experiments and had vironment; (3) evaluate structure

the unique capability of permitting packaging techniques and deployment
astronaut EVA participation in both dynamics for a relatively small con-
experiments. This particJpation figuration; (4) evaluate effects of

will add measurably to the overall the space environment on elastic

experiment quality and probability reco,-erymaterlals after prolonged
of success, exposure (six months); (5) establish

some of the basic design parameters
and requirements for elastic recov-

EXPERimENTS FOR TIIEWORKSHOP cry airlocks for future manned space

laboratories; (6) provide a baseline

The potential payoff inherent from which to extrapolate the appli-
in expandabie structures for space cation of expandable structures

warranted an early evaluation aboard technology to other uses, such as

a manned orbiting vehicle. The crew transfer tunnels, space shel-
elastic recovery principle was ters, maintenance stations, and

selected for use in a full-size storage depots: and (7) to denon-

airlock. Chemically rigldization, strate the compatibility of expand-

because of its greater complexity able elastic recovery materials

and sophistication, was not yet in alrlock designs with the dy-
suited for use in a complete struc- namics of astronaut ingress/egress.
ture. Rather, an experiment was The last objective is related most

designed to provide for orbital closely to extravehicular activity
deployment and rigidization of and is of major interest here.
small, flat panels using two pro-

mlslng rigldizlng systems. Both The experiment procedures are
: experiments were chosen for the divided into two phases and require

first mission of NASA's Orbital only one EVA. The first phase is

! Workshop (Figure 2), a part of deployment a_ proof-pressure-test-

the Apollo Appllcarions Program, ing of the airlock, followed by a 4
as Experiment D021, "Expandable 15 day space exposure test. This

Airlock Technology", and Experi- phase will be performed remotely

ment D022, Expandable Structures from a control panel mounted in the
! for Recovery". airlock module. The second, extra-
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The NASA SIVB Orbital Workshop
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vehicular phase will consist of two those of control panels rigidized

ingress/egress ma_euvers by the as- and stored on the ground: (4) to
tconaut, separated by a complete establish a baseline of experience
pressurization cycle. The astronaut and data from an actual orbital test

will manually open, close, and lock (and possibly to uncover unforeseen

the D021 hatch, but at no time will problems), from which future develop-
he be sealed inside the airlock. To ments of materials and structures

conclude this second phase, the as- may be undertaken with greater
tronaut will retrieve several ma- efficiency and confidence.
terlals samples from the base of the

experiment package. These will be Experiment D022 will require two

placed in a protective container, periods of extravehicular activity
which will be sealed for return to for completion. A crewman will

earth. Similar samples will be re- leave the Workshop vi__athe EVA
trleved by another astronaut, dur- hatch of the NASA Airlock Module

ing the revisltatlon mission several and the thermal curtain opening,
months later, and translate to the workstte. Here

he will open two sealed canisters,
Photographic coverage will be each of which contain four flexible,

either from the hatch of the Apollo folded, material samples. These
Command Module or by a second extra- are withdrawn from the canisters on
vehicular astronaut stationed in telescoping rods and inflated to
the thermal curtain opening. An the proper shape. The panels in
automatic motion picture camera, one canister rigidize simply by ex-
mounted outside the thermal curtain posure to the orbital vacuum; the
is also under study. It is anti- others are cured by internal elec-

cipated that the segment of the EVA trical heating. Two panels from
requiring photography can be accom- each canister will be retrieved by
plished within the sunlight portion an astronaut on a revlsltatlon mls-
of one orbit. An artist's concept sion for return to earth. It is

of the expanded airlock is provided planned that the remaining panels _
in Figure 3. will be recovered on a later mis-

sion, after several months exposure
to the space environment. Figure

OBJECTIVES OF EXPERIMENT D022 4 shows the experiment about half

way through the deployment phase.
The objectives of the D022

chemical rlgidizatlon experiment
are similar t(,those of DO21: (I) EXPERIMENTS-TO-WORKSHOP INTERFACE

To demonstrate the technology of

i chemically-rigidized expandable Hardware for both experiments "
i structures", (2) to establish the will be mounted on or between the
!

! astronaut's ability, while working large trusses which strengthen the
in the orbital environment, to de- connection of the Airlock Module toi

I ploy and rlgldlze an expandable toe end of the SIVB stage. These
structure; (3) to determine the trusses also provide some support "
effects of packing, storage, for a flexible, protective thermal
launch, ascent, and the orbital curtain. (Figure 5 shows this area
environment on samples of two of the Workshop in greater detail.)
types of chemically-rigidized, A closeable flap in the curtain is
glass fiber, structural materials, located directly above the EVA air-
by comparing their properties with lock. The entire DO21 airlock
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structure and the llds of both under actual orbital conditions.
D022 canisters will be outside the
thermal curtain. (The ther_l One of the prime objectives

curtain, the Multiple Docking of the V021 experiment, in addition
Adapter, and the experiments are to the evaluatlon of nmterlals,
protected by shrouds and a nose is to demonstrate the compatibility
cone during launch. These are of a non-rigld structure with the
jettisoned after orbital Inser- dynamics of astronaut ingress/
tion.) Mounting allgr_ent and egress maneuvers and to establish
position will pe.-mlt observation minimum hatch di_nneter and airlock
cf all experiment sequences from volume required in an orbital air-
vlewports of the Docking Adapter. lock. To fulfill these objectives
Since the Norkshop always keeps it is necessary that the experi-
the same side toward the sun, ment be performed outside the Orbl-

proper mounting _r111 also assure tal Workshop, necessitating EVA.
that about 50Z of the surface of The only alternatlve would be to

the D021 airlock and D022 deployed perform the astronaut ingress/
panels _rlll receive solar radla- egress phase inside th_ OWS and
tlon. This _I11 provide reallstlc the materials evaluation phase
space exposure and will also make outside the OWS. This vould re-
photographic coverage posslble quire that the airlock be repack-
using only available sunlight, aged, transported outside through
The two experiments will be dis- several hatches, and remounted on
cussed separately and in greater the OWS exterior, r)ue to the
derail below, narrow restrictions ol the hatches

and the fact that the D021 air-

lock could not be efficiently
D021 EXPANDABLEAIRLOCK repackaged, this procedure was

eliminated.

With the rapid advancement in
space technology, the United States
will be orbiting a series of man- ESTABLISHMENT OF CONFIGITRATION
ned Izboratorles from which astro-

nauts can perform various experl- An extensive in-house effort
ments and tasks. Some of these was initiated prior to contract

experiments and tasks _dll neces- award to establish the basic con-
sitate astronaut EVA. An airlock figuration of the D021 airlock

system will be required to alle- structure. This In-house effort
vlate the repeated loss of oxygen included underwater neutral buoy-
due to the decompression and corn- ancy tests and zero-C aircraft
presslon cycles imposed on the tests, performed by the Air Force •
laboratory work area during egress Aero Propulsion Laboratory and

; and ingress maneuvers associated the 6570tb Aerospace MedicslRe-
with EVA. An expandable airlock search Laboratory, Wright P_-tte,c-
would minimize weight and volume son AFB. these teqts established

requirements imposed on the ve- the shape and minim_ hatch and

: hicle and would permit maximum airlock sizes required for an
utilization of the internal volumes astronaut _rlth a back pack to

! already available in these lab- enter, close the hatch, turn
i oratories and spacecraft. Experl- around, and egress. Also estab-
] ment D021 is the first preliminary lished were proper hatch hingingI

: attempt to evaluate the feasibil- operation and the location and
ity of such a structure under type of mobility aids, hand-holds,
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and tethers. Since the experiment was determined that the double-
requires man's participation. NASA htn_ed hatch design and latchin_
and USAF required thorough ground ,_echan'sm were adequate and si=ple
based testing of all EVA proced- enough to give reliable operation
urea to assure astronaut safety, in an extra-vehicular envtrorc_.ent.
All EVA human factors requirements The preliminary atrlock design
were established during this test configuration was found to be on
program; in addition, the preltmt- the conservative side by one to

• nary ttmeltne analysts for the EVA two inches. For instance, the
portion of the experiment was original hatch was 36 inches in
determined, diameter: but testtn_ indicated

that a 34-inch diameter opentn_
Neutral Buoyancy Testing was sufficient.

The preliminary configuration The pressure-sulted test sub-
of the alr!ock structure was estab- ject detetn.tned the required mini-
ltshed in underwater neutral buoy- mum turn-around volume by first
ancy tests conducted during the bending at the midriff and then
latter part of 1966. A fiberglass rotating in the atrlock. This
and wood mock-up was fabricated by was done with the suit pressurizedt

' _PAFB shops to evaluate minimum to approximately 3 pst_. The sub-
' hatch size, interior dimensions, ject was able to use the wall of
' double-hinged hatch configuration, the atrlock for leverage to allow

and latching mechanism. The guide- him to reduce his crouched height
lines for this first attempt at and also as a means of moving him-
establishing a configuration were self inside the structure. These
(1) minimum sweep clearance for te_ts were performed with and
hatch opening, (2) simple latch- without chest or back-packs. From
ing mechanism requiring only one- these tests it was found that a
hand operation (3) hatch diameter subject would successfully rotate
sufficient to allow one pressure- In a 60-1nch diameter structure.
suited astronaut wlth a back or In the actual alrlock the non-

chest-mounted portable llfe sup- rigid sides will flex somewhat,
port system to adequately enter and allowing the astronaut to perform
leave the alrlock, and (4) interior thls turn-around maneuver without

: volume sufficient to allow a pres- dlfflculty. After conslderable
sure-sulted astronaut wlth a back- practice It was posslble to per-
pack to perform turn-around mane- form the complete ingress/turn-
uvers inside the alrlock. Thls around/egress maneuver In about
maneuver would be required to 45 seconds. J
operate both hatches of an oper-

, atlonal alrlock. In evaluating the hatch latch-
Ing system, it was found that only

Extensive underwater tests, one hand was needed for operation.
j similar to that shown In Figure 6, although two hands are needed for

were performed wlth both one and maximum efficiency. The latchlng
t,_o subjects, to evaluate each of system consists of two handles

' the above EVA-imposed guidelines, located 180 degrees to each other
Each subject made observations and and about 12 inches long. They
comments regarding the valldlty move opposite to one another,

i of the proposed design, keeping in negating torque imparted to the
mlnd the EVA requirements cf _he astronaut during the openlng
experiment. From these tents it sequence. If only one hand is used
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to open the atrlock, then the body airlock expandable structure and
should be stabilized with the other extending around the atrlock. The
hand by grasping the toroldal metal fabric straps mounted on the air-

tether ring. There is no stability lock will permit easy foldln_ of
problem inside the alrlock as the the structure durln_ packagln_,
friction between the astronaut's but still provide adequate strength

feet and the side walls of the air- and rl_idlty for mobility aids.

lock is sufficient to retain pro- The three straps mounted outside

per orientation. In this experl- the alrlock will allow the astro-
merit the hatch wlll not be locked naut to proceed easily from the
with the astronaut inside the base of the structure to the hatch.

structure. The straps inside the alrlock pro-
vide additional aids to the astro-

Several emergency situations naut, when performing hls turn-
dupllcatin= those which might around maneuver and also as an
arise inside a closed and latched aid in reaching the re._r of the

DO21 alrlock were set up. These structure. In addition, a toroldal

, required a second subject to open metal tether ring and hand-hold
the DO21 hatch, enter partway, was mounted clrcumferentlally
and remove an immobilized subject, around the D021 hatch opening.

Preliminary tests indicated the During the second series of tests
conservative design was more than the basic experlment tl_ellne was

adequate for thls maneuver, determined and the immobilized

; astronaut rescue procedure was

Based upon these preliminary established, w
results, a second DO21 fiberglass

mockup wlth a metal hatch was fah- Tests to establish the im-
rlcated and subjected to the same mobilized astronaut rescue pro-

type of tests as the original, cedure were originally to deter-

This particular mockup was an up- mine whether it was possible to
dated, realistic structure, the open the hatch with an immobilized,
dimensions and configuration of pressure-sulted subject inside.

i which would match the final air- Since a pressure-sulted subject
i lock (See Figure 7). It incor- who has lost muscular control

porated a 34 inch hatch and had assumes a spread-eagle configura-
overall dimensions of 56 inches tlon because of sult pressure, it
by 60 inches. Addltlonal tes£s was belleved such a situation could
similar to those performed on the Jam the hatch closed, making res-
initial mockup verified the ade- cue very dlfflcult If not Impos-
quacy of the fl_l design. These slble. In initial attempts the

tests were performed in early 1967 subject acting as rescuer, also
at Wright Patterson AFB. Addl- In a pressure suit, would open the
tlonal tests on this structure hatch and, because of the double

included evaluation of mobility hinge design, use the hatch door
aids, EVA tether ring, and knee as a scoop and gently push the
tether attachment. As a result i,_oblllzed subJectls feet or head
of this series of tests, the type aside. Sufficient clearance could
and location of mobility and hand be gained so that the rescuer

holds were defined, could manually reach in and manlp-

: ulate the immobilized subject suf-
Three fabric straps, each 2 flclently to fully open the hatch.

inches in width, were sewn equally
spaced inside and otside of the Several trials were run,
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alternating the "disabled" subjects Of particular interest to the
and varying the original position Air Force during this test program
of the "disabled" crewman, i.e., was the possible application of
feet against hatch, heat against unwanted perturbations to either
hatch, etc. Various restraining the D021 structure or the test
methods were used to secure the subject. Such perturbations could
rescuer to the'airlock, ranging be L_parted by a test subject
from a knee tether to no restraint making severe maneuvers within the
whatsoever. Given the worst case, nonrigid expandable airlock in a
the larger subject "disabled" with zero-G environment. Subsequent
feet behind the hatch, it was tests proved that this was very
shown that maximum retrieval time unlikely and should not be a prob-
was less than 140 seconds, well lem during EVA.
within the capacity of the emer-
gency oxygen supply. DESCRIPTION OF DO21 HARDWARE

Zero-G Testing The drawings of Figure 10 show
the DO21 airlock in packaged and

These two early mock-ups were, expanded configurations, and illus-
of course, rigid structures. An trate its major subassemblies.
expandable mock-up, fabricatd They are: (1) the packaging system,
from the final DO21 wail structure (2) atrlock structure assembly,

and incorporating all the latest (3) hatch assembly, (4) pressure
design changes established in bulkhead assembly_ (5) pressuriza-
previous tests, was subjected to tlon system, (6) telemetry data
extensive zero-G tests aboard the system, (7) electrical system,
KC-135 aircraft. This mock-up (8) mounting structure assembly,
included the three circumferen- and (9) experiment control system.
tially-mounted external and in-
ternal fabric handholds and the Packaging System
hatch tether ring. (See Figure 8)
All mobility aids were evaluated The packaging system consists
in this zero-C environment to of a series of flexible nylon

verify data gained previously in straps, located around the periphery

: the underwater neutral buoyancy of the mounting base, to restrain
tests. The knee tether attachment the expandable portion of the air-

evaluated previously was vroven lock structure in a packaged con-i
ineffective in zero-O tests and figuration. The restraining straps

discarded. All other aspects of terminate at a release fitting
the DO21 design were found to be locatcd at the apex point of the
acceptable, and at the conclusion package. The D021 airlock can be

of these tests the airlock design deployed both manually and by re-
was frozen• The zero-G tests mote control.

were performed in late 1967. In
addltlon to verifying the design Airlock Structure Assembly
further tests were performed to
establish the timeline and to The airlock expandable struc-
perfect the immobilized astronaut ture assembly consists of the com-

i rescue procedure. Figure 9 illus- poslte wall material which is bond-
trates the final locations of the ed and Joined to aluminum terminal
handholds and tether ring as rings at each end of the airlock.

' : mounted on the D021 qualification The function of these rings is to

: i testing hardvaxe.
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DO21 Zero-g
" _ Testing Mockup

Figure 9
DO21 EVA Aids 'f
(Final Design)
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Figure 10
DO21 Hard_are
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provide a rigid termination for While the primary function of the
the flexible material _f the air- foam is to act as a micrometeoroid

lock and also to provide a smooth barrier, it also serves as a de-
flat surface for hatch and pres- ployment aid. The outermost layer

sure bulkhead seals. The alr'ock of the composite wall structure

wall can be compressed by a _acuum encapsulates the wall, to provide
technique, from the fully expanded a smooth base for the application

thickness of about i inch to 1/4 of a thermal coating. This pas-

inch. This expandable portion of sive thermal control coatin_ main-
the structure used the elastic talns material temperatures with-

recovery materlals technique, to in acceptable limits. Inasmuch
permit folding and packaging of as the outer cover encapsulates

the compressed structure into a the composite wall, it also serves

small, compact configuration for as an aid in packaging the struc- _
launch. Once in orbit, the alrlock ture prior to launch. Pis deployed to its full expanded

configuration by the recovery Hatch Assembly
action of the wall material, aug-

mented by low-level pressurization The hatch assembly consists

for final shaping. After final of a basic dome and compression
shaping, the inherent stiffness ring structure, a dual yoke-type

of the wall structure will ensure hinge and latch hardware, hatch
the final shave is maintained under separation provisions for emer-

orbital conditiors, gency egress, and a I0 inch

diameter viewing port. The hatch
Basically, the nonrigid strut- latches and seals against the

ture wall is a four-layer composite terminal rlng and can be oper-

as shown in Figure ii and described ated either from inside or out-
below. Final shaping of the alr- side the airlock. The pressure

lock is provided by pressuring a dome and compression ring struc-

bladder. Thls pressure bladder is ture is fabricated of aluminum
: a laminate of three individual and is separable from the overall

: sealant layers, with an inner hatch assembly, as a provision
J layer of 0.3-mil aluminum foil. for emergency egress.

The inner sealant layer is a laml-
hate of nylon film-cloth. This
layer Is bonded with polyester Pressure Bulkhead Assembly
adhesive to a second layer of
closed-cell EFT foam. The outer The pressure bulkhead assem-
sealant is a nylon film-cloth bly consists of _ basic dome and

, laminate coated with a polyester compress ton ring structure of
resin. A filament winding manu- aluminum, similar in concept to

facturing process Is used for the the dome structure of the hatch.
structural layer and provides The bulkhead assembly seal and
nearly the optimum in a lightweight, connection is m_de at the 34
Ioad-carrylng, flexible structure, inch diameter terminal ring of

The structure layer wlll be would the alrlock structure and Is also
with three 0.0036 inch stainless attached to this rlng with six

steel wires interlaced with a equally-spaced bolts. Provisions

rayon yarn. Mlcrometeoroid pro- are incorporated Into this assem-
tectlon Is achieved by a one-lnch bly for a control panel; a future
layer of flexible polyester foam. connection for an astronaut
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Flexible polyurethane foam

micrometeoroid barrier
_- -Laminated fabric film

thermal coating (outer cover)
_.._..................'.....:.-'.._.-......_'..:......:..:...........:-..:.:.-<

:::': "._:._'_".: ." :".". :":- t "._'""."-'":..'..".'."" ".." .'. '.: ..-__.-..;......- ..........-...•........"...-..........._ I inch
_...:'::_.:...;':.":'::':::..'.:'.'..'.: .::.".: ".":".::':....:-':.:'".......:_:::':....D ._... _.., ........... ...;..., --__

l,mmmm...Y_Jm

/_0,3 mil aluminum ,£nnor layer)
3.6 mil steel wire filament
wound structural layer
(300,000 psi ultimate strength)

Figure II
DO21 Structural Materials Composite
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umbilical; and subsystem connec- remaining po_'errequirements for

tion requirements for pressurlza- the experiment.
tion, venting, electrical wiring,
and instrumentation.

Mounting Sbucture

Pressurization System The mounting base structure
is constructed of llght-gage

i The pressurization system for aluminum _heet and provides the

the DO21 experiment consists of physical integrating function for
six 150 cubic inch hlgh-pressure all hardware components of the ex-

gas storage bottles charged with perlment. The airlock structure

nitrogen. The gas is released assembly is attached to one ring
from each storage bottle through face of this structure. All sub-

a pyrotechnic valve to flood the systems exterior to the airlock
airlock to a specific level of itself are located within and sup-

pressure, established by charging ported on the mounting shell struc-
the bottle to a predetermined ture.
level. All elements of the pres-

surization system are supported
off the mounting base structure Experiment Control System

! assembly. Controls for gas re- LI:_
lease are located on the remote Controls for conducting the

' control panel in the Workshep airlock experiment were to have
t

Airlock Module. been provided in three locations:
(i) A remote co_,trol panel lo-
cated inside _',,_e _irlock Module

Telemetry Sensors to provide the p_[ncipal source
of control for ,=_:_Juctingthe

Pressure and tempera£ure date experiment; (2' _ _:ontrol panel
will he monltored duriI: e ex- mounted inside t_-.DO21 Airl-ck

i periment by the NASA Al;'lock on the pressure !,_'_Khead;and (3)

i Module telemetry system. _ght Emergency and/c, _ack-up controls
. sensors will be provided, two for mounted on tb _.terior of the

airlock pressure and six tot in- DO21 alrlock _,:_tlng base struc- l_"
terior and exterior surfac_ LET,- ture. Be,a',_ cf subsequent

peratures of the expandable me--- almpllc_ '_=_ ._ the experiment,
terial wall structure, the sec, ,._._t of controls was

e]Imlna_.:_ and the third was

: reduce_ to an emergency pressureJ

Electrical System relief _alve. A possible design
for the Airlock Module control

Power for the D021 experiment panel is shown in Figure 12.
will be supplied by a self-con-

tained battery pack and the 28V
power source of the Workshop Air- DO21 EXPERIMENT PROCEDURES
lock Module. The self-contalned

power source will be a dual pack Extravehicular activity is
of nickel-cadmium batteries, required only during Phase ii,
These batteries will supply the alrlock ingress/egress cycles.
power only for the pyrotechnics This portion of the procedure was
included in the design. The Air- verified in underwater and zero-g

lock Module will provide all aircraft tests. It is anticipated"
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that airlock deployment and initi-

ation _f the 15-day leakage and
pressurization test will require

about 2 minutes; the EVA in_ress/
egress cycles will take less than
one hour.

Phase I

Deployment. There is no extra-
vehicular activity during the first
_habe of the experiment. Crewman 1
remains at the D021 control panel
in the Airlock Module. Crewman 2

is stationed at an observation port
of the Multlple Docking Adapter,

i from which he may watch the pro-
gress of the experiment.

I

Cumu

I Time, Task Sequence Task Sequence

i Stew Sec. For Crewman i For Crewman 2

I 000 Checkout control panel.
Actuate experiment start
switch and observe

indicator light.

2 030 Close vent switch and

observe indicator light.

3 045 Arm D021 alrlock

, deployment switches.

I 4 060 Actuate alrlock restraint Observe and report
harness release switch and harness release and

observe indicator light, partial deployment

5 090 Actuate final shaping Observe and report air- 8

switch and observe lock shape and deploy-
indicator light ment progress.

6 120 Return to other duties. Return to other duties.

The experiment start switch is left
on, to allow for continued readout
of the sensors monitoring airlock
pressure and temperature. Step 5,
the final shaping of the airlock,
also initiates the 15-day leakage
test.
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Phase 2

Ingress/egress cycles. During
Phase 2, Crewman ] leaves the Nork-
shop, , _Q_ the Airlock Module EVA
hatch; and i';awma_ 2 controls the
experiment from the control panel
in the Airlock Hodule.

Ctnnu

Time, Task Sequence Task Sequence
Step Mln_ For Crewman 1 For Crewman 2

! 000 Exit Airlock Module Assist Cre_n, an 1

through EVA hatch.

2 001 Proceed to DO21 alrlock. Turn on DO21 alrlock

interior llghtlng switch
and observe indicator

light.

3 014 Perform interior
examination of alrlock

through window.

4 015 Move to safe distance

from airlock and rest.

5 016 Open vent valve to re-
lleve pressure, and
observe indicator light.

!

Observe dual low-pres-
sure (<0.1 psi) lights

: for proper signal.

6 017 Close vent valve and

observe indicator llght.

Arm pressurization
swltcb_s.

Actuate pressurization
switch for first ingress/
egress cycle and observe
indicator light.1

Observe dual hlgh-pres-
sure (>3.5 psi) lights

i for proper signal.
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Cumu

Time, Task Sequence Task Sequence

Stev Min. For Crewman 1 For Crewman 2

Disarm pressurization
switches.

7 019 Repeat Step 5 and report
i when low-pressure lights
t

come on.

8 020 Return to D021 alrlock.

9 021 Observe exterior and per-
form interior examination

: through w_,-_o_ and report.

I0 023 Release hatch and enter.

!
I ii 024 Inspect interior and exit.
i

!
12 027 Secure hatch and report.

13 028 Repeat Step 4.

14 029 Repeat Steps 5 thru 7.

15 033 Repeat Steps 8 thru 12.

16 041 Remove two materials Turn off D021 alrlock In-

sampres from base of terlor llghtlng switch
airlock, and observe indicator light.

! Turn off experiment st_:t
switch and observe Indica-

tor light.

17 043 Return to Alrlock Module Assist Crewman 1

and enter through EVA
hatch.

J

18 _56 Stow materlals samples in Assist Crewman 1
: protective container.

The final EVA task required in the be returned after the follow-on
experiment Is the retrieval of two revlsltatlon mission several months W
materials sample. One 8 x 8 x 1 - later. The samples will be returned

inch panel of the D021 expandable In a sealed metallic container. It

wall structure and another sample Is presently envisioned that all
of material are to be returned experiments requiring return of

: in the Apollo Command Module at samples may be placed In a single,

the end of the 28 day Satuzm I Work- compartmented, sample return canls-
shop Mission. A second set will ter. Thls would include Air Force
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experiments D021 and D022, and 3. Automatic d_ployment, fol-
two NAEA experiments. This ape- lowed by manned recovery.
cific task is undefined at the pre-

4. Hanned deployment, followed
sent time. by manned recovery.

A fifth possibility, an automatic
D022 CHEHICAL experiment aboard an orbiting re-

RIGIDIZATION EXPERIHENT entry satellite, was not considered
due to extreme cost and complexity.

Unllke the Expandable Air-

lock, which by its very nature Deployment Phase
nust be evaluated by z_n, Experi-

ment D022 could l_ve been designed Experiment D022 could have been
for auto_,-atlc, raZhcr Lhan manual deployed either automatlcaliy, or
performance. The _aslc require- as flnally was chosen, by an astro-
ment here was that :he experiment naut. Hardware in these two cases
take place outside the Orbital would have differed in four instances:
Workshop, to obtain true exposure

to the space environment, i. A pyro-valve, rathec than a
manual one, would be needed to vent
each ca_Iste_ to space.

DESIGN TRA_E-OFFS

2. The hand-operated clamp
The experiment has two prl- whfcn _ulntalns the seal at the

mary phases, both of whlch occur canister lld would be replaced with J
outside the Workshop. The first some type of pyro-dlsconnect.
phase is the deployment in space
of the eight fiberglass panels 3. The telescoplng rods to which
and the initiation of _he rigid- the canister lid and the four panels
izatlon process. The second is are mounted would be extended by a

the recovery of four of the rigid- pyro-activated pneumatic system,
ized panels, after prolonged rather than by having an astronaut
exposure to the orbital environ- pull them out.
ment. Each of these phases could

be performed either automatically 4. A pyro-valve, rather than
or by an extra-vehlcular astro- the manual valve now used, would
naut. ("Automatically" here is allow the inflation system to deploy

• defined as an action or sequence the panels.
of actions which does not require

a member of the Workshop crew to Hardware weight would be approx-
leave his shirt-sleeve environ- Imately the same in either case.
ment.) This generates four pos- Although the use of pyrotechnics
slhle approaches to accomplish- makes the design of experiment hard-
ing the objectives of the experl- w_re somewhat simpler, it also re-

me_t: presents a potential fire or explo-
sion hazard. This is particularly

i 1. Automatic deployment true for one of the two canisters,

£ollowed by automatic recovery, which is pressurized with oxygen and

4 contains panels impregnated with a
! 2. Hanned deployment, vinyl acrylic resin.

followed by automatic recovery.
,

!
!
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I

The greatest drawback to auto- spent on the pad and durin_ launch

matic deployment, however, is the and ascent. The intense cold
need it generates for some means to would require the use of both

visually observe and record the ex- considerable insulation and of

tension of the telescoping rods and full-tlme electric heaters in the

the inflation of the panels. A experiment canisters. Apart fro_
closed-circult television system these design drawbacks, such an
would be superior here to a motion arrangement would represent n

picture camera in that it permits potential hazard: The vlnvl

instantaneous observation of deploy- panels must be stored in at least

ment. This is desirable to assure a 9 psi oxygen partial pressure
that each step of the experiment has atmosphere, to prevent premature

been completed, before succeeding curing of the resin. The pre-
steps are initiated. Use of an auto- sence of a powerful fuel (hydrogen),

matic movie camera would also re- an oxidizer (oxygen in the can-
quire an EVA to retrieve the camera ister), and an i_nition source

and film. Also, a statlonary (the electric circuitry), separated
camera of either type would probably by a potentially le_ky barrier

be unsuited for this purpose, in (the inner door seals of the aux-

that no more than one side of each iliary alrlock), might become
of two panels per canister would be dangerous.

I entirely visible to the fixed camera.

For proper observation of the Inflat- The small airlock required

ing and rigidizlng panels, a movable for panel retrieval could have

camera or several fixed cameras would been designed into the Multiple

be required. Docking Adapter, which is pre_-
surized durin_ most of the mi_ion.

As presently envisioned, the inner
Recovery Phase wall of the MDA is to be lined

with flat sheets of lIEhtwei_ht

The two approaches using auto- metal grid. Experiment packages
matlc recovery would require an and those items to be taken into

auxiliary alrlock to bring the the OWE after p_sslvatlon will
: rigldized panels into some pressur- be mounted on these grids with
, ized area. Such an alrlock could be releasable fasteners. Such an

' installed in the Workshop hull, the arrangement is not only well suited

Multiple Docking Adapter, or the EVA to the abilities of the crewman,

Airlock Module. Of these three, but allows great flexibility of
the l_t n_var receives exposure to design. It permits rapid, rela-

solar and background radiation - tlvely straightforward modlflca- ,
the aft end of the module is shielded tlon of the interior layout to

by a metal shroud, formed by an ex- meet changing mission profiles.

tension of the OWS hull, while the The greatest drawback to incor-
forward end is covered by the ther- poratlng the retrieval airlock

mal curtain, into the Docking Adapter would be,
then, the constralnc which it

Incorporation of an auxiliary would impose on the overall design
alrlock into the hull of the Work- of the MDA Interior.

shop itself is possible, but not

practical. The inner portion of the Sugary
alrlock would be subjected to the

cryogenic hydrogen fuel during time Manned deployment of the ex-
periment suffers in comparison
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with automatic deployment, solely plasticizer (water) boil off. The

in that requires a period of extra- other four panels are impregnated
vehicular activity. To offset this with a tetraethylene glycol dl-

liability are the unmatched cap- methyacrylate resin and are rigid-
abilities of man the observer - his ized by resistance heating of

mobility and his ability to draw wires imbedded in the fiberglass.
conclusions. Manned recovery of A thermocouple is mounted on each

the rigidized panels is superior panel.

to automatic recovery in many re-

spects - weight, volume, co_vlexity, Panel Canisters
etc. Of even greater importance -

and one not limited to Experiment Two panel canisters are used,

D022 - is the flexibility which EVA one for the gelatin panels and
gives tc the mission and hardware one for the vinyl panels. Each

designer, canister, 28 inches long by 12
inches in diameter, contains a

panel pressurization system and
DESCRIPTION OF D022 HARDWARE an electric heater and thermo-

stat for heating the panels
Five basic pieces of hardware prior to deployment. The final

are involved in the experiment: venting of the canister, deploy-
(1) eight panels of the sample ment of the experiment, and pres-
materials, for eventual return to surlzatlon of the panels are
earth; (2) canisters to store and done manually by an astronaut,
protect the panels; (3) a Junction using controls on the canister.
box which provides the electrical
interface between the canisters Electrical Junction Box

and the Workshop; (4) a control
panel in the Airlock Module; and A small electrlc Junction box
(5) a container to protect the is mounted between the two canls-
panels during their return to ters, under the thermal curtain,
earth. Total experiment weight to interface the electrical and
is 50 pounds. These hardware instrumentation subsystem of the
items are described in greater experiment with those of the Air-
detail below. D022 hardware in lock Module.

I

both packaged and deployed config-
urations are show_ in Figures 13 Control Panel

! and 14 respectively.

An experiment control panel
Panels will be mounted in the Airlock "i

! Module. It will contain controls

! All the panels are similar in for operation of the experiment

I construction, size, and shape, heaters, which will be turned on
Each consists of a fluted-core 12 hours before panel deployment,

! flberglass structure measuring to bring the panels to the pro-

9 x ii 1/2 x 1/2 inches, coated per temperature; vinyl panel
!

! on one side with a 1/4 inch thick curing heaters; and pressure and
flexible silicone ablator and temperature readouts. Figure 12!

i weighs about 2 1/4 pounds. Rubber shows a possible design for such
I tubes are placed in the flutes of a panel.

_ the panel for _nflatlon. Four

i panels are impregnated with a
gelatin resin, which rigidizes by
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F_gure 15
D022 operating Controls

Vl I.t,. _._

I i
i i

. , , 1971066602_57c,



T

Panel Return Container All restraint devices at the

work site and translation devices

A container will be provided for from the Airlock Module to the ex-

returning the four rigldlzed panels perlment worksite are being de-

(two impregnated with gelatin and veloped by NASA.

two with vinyl resin) to earth for

analysis. The container will be

stored in the cabin of the Apollo D022 EXPERDIENT PROCEDURES

Command Module during return from

orbit. As discussed earlier, the The experiment will require sere-

container may also be used for ral periods of EVA, each of which

samples from other experiments. The will involve two astronauts. One

four remaining rlgidized pa-els will crewman (identified herein as

be returned by the crew of the re- Crewman I) will perform the actual

visitation mission, experiment in space. The other

(Crewman 2) will remain in the Air-

lock Module, to act as an observer

HU_N FACTORS and to operate the remote controls.

Both sequences begin with the two R

lluman factors experience gained astronauts in the unpressurlzed

in the Gemini program has been used Airlock Module, and end with the

as a guide in developing the D022 crewmen back in the Airlock, ready

space experiment. All controls, to initiate pressurization. All

knobs, valves, clamps, and panel controls mentioned are shown in

release mechenisms are designed for Figure 15. Total times for Phases

operation by a pressure-sulted, 1 and 2 are about 40 and 30 minutes,

extra-vehicular astronaut. The oper- respectively.

ation of the experiment is kept

simple, requires no great dexterity Phase 1

on the part of the astronaut, and

involves no ]engthly tasks. Panel Deployment. A prelimi-

nary time-llne analysis is given

A failure Mode and Effects Analy- in the following table. Note that

sis was performed on the experiment, during Step 8 Crewman 2 will actuate

This analysis ta._es all failures either one switch, to begin simul-

and places them in one of three taneous cure of all four TEGDMA

categories, depending on whether the resin panels, or will actuate one

failure affects (i) crew safety, switch for each panel every 7.5

(2) mission success, or (3) expert- minutes, for consecutive panel

ment success. These are in order curing. Which of these two tasks '

of decreasing criticality. One is required will depend upon the

potential hazardous failure mode power available from the workshop,

was discovered: If the experiment

canister is pressurized when the

canister clamp is released, the

canister cover would deploy rapidly,

possibly striking the astronaut.

Two safety tethers were added to

prevent the canister cover from de-

' ploying more than a few inches.

These tethers are released by the

astronaut after the canister clamp
; is opened.
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Cumu

Time, Task Sequence Task Sequency

Step Min. For Ccewman 1 For Crewman 2

1 000 Open AM hatch and egress. Assist Crewman 1

2 003 Translate to location of ex-

periment canisters on AM.

3 007 Install camera on mounting

bracket. Prepare workslte for

experiment.

4 01i Position self in front of Switch off preheater

' TEGDMA resin panel canister power for both canisters

and rest. from AM control panel.

] 5 013 Depress manual relief valve Observe and take pictures
R, to relieve canister in- of complete sequence.

I_ ternal pressure.
!
[

I 6 014 Release canister MarmonI
, Clamp C, move it to rear,I

close clamp. Release two
]

5 cover retainers pins KI
l and K2, and gently pulI

out canister cover and

attached panel assembly,
until pins lock into

position.

7 016 Inflate panels by turning

manlfold pressurization
valve N counterclockwise, i

8 018 Rest. Report observation Actuate panel cure switch

of panel curing. (es) on AM control panel.

9 022 Position self in front of

gelatin panel canister.

E

I0 023 Repeat Steps 5 thru 7.

ii 028 Rest and report observations.

12 032 Remove camera from mountlng
bracket.

13 036 Translate roAM hatch

14 039 Ingress through AM hatch, Assist Crewman I. IF

close hatch, repressurlzeAM.
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Phase 2

Panel Reeo_,ery. The second ---_

phase of the experiment is the re-
trieval of four rigidized panels,

two impregnated with the TEGDMA
resin, and _:wowith gelatin. This
must be done no sooner than 24

hours after completion of Phase I
and for best results should not be
done for a week. A tlme-line simi-

lar to that below would, presum-
ably, be followed during recovery

of the remaining four panels on a

later mission.

Cumu

Time, Task Sequence Task Sequence

Step Min. For Cre_mmn 1 For Crewman 2

1 000 Open AM hatch and egress, Assist 3rewman 1.

2 003 Translate to location of experi-
ment canisters on AM.

3 006 Prepare worksite for experiment.

4 010 Position self in fro ,t of TEDGMA

Resin panel canister and rest.

5 012 Turn off manifold pressurization
valve N.

6 013 Attach two safety lines on utility
harness to Panels 1 and 2,

7 015 Pull Panel 1 release pin 51 in
axial direction. Pull panel

away from central manifold tube •
disenfaging electrical connector

i plug O1 and manifold hose H1.
Repeat for removal of Panel 2.

8 017 Place Panels 1 and 2 in separate

pockets of plastic bag.

9 018 Position self in front of gelatin
panel canister. ,_

I0 020 Repeat Step 5 thru 8

Ii 026 Return wnrksite to original -on- i ..
ditiou.
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Cunlu

Time, Task Sequence Task Sequence
Step Min____:. For Crewman 1 For Crewman 2

12 029 Translate to AM hatch

13 030 Ingress through AM hatch, Assist Crewman 1
close hatch.

14 Place four panels in protec- Assist Cre_nnan 1
tive container, seal con-
tainer.

15 RepressurlzeAM Assist Crewman 1

: CONCLUSIONS
t

i i. The D021 and D022 experl-
ments as described in this paper

will fulfill the experiment o_-
i Jectlves.

•' 2. Both experiments will make

i valuable contributions leading to
the eventual application of ex-

pandable structures technology to
future Air Force and NASA mJsslons.

3. Astronaut EVA participa-
tion in these experiments is essen-
tial to the successful execution

of the experiments.
I

4
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SIMULATION OF PACKAGE TRANSFER CONCEPTS

* FOR SATURN I ORBITAL WORKSHOP

Charles B. Nelson

NASA, Marshall Space Flight Center

Huntsville, Alabama

SUMMARY: Objective of this program was to investigate

the problem of manually transferring massive packages

in a zero "g" environment with no mechanical aids except
a handrail.

INTRODUCTION Initial design of the OWS pro-

vided only a single handrail

The Saturn I Orbital Workshop (firemanJs pole) to assist the

lOWS) experiment packages wil] astronaut in translation and in

be stowed in the Multiple Docking transfer of the packages. The

Adapter (MDA) during launch. To fireman's pole extended from

activate the OWS, these packages the S-IVB stage LH 2 tank entry
must be transferred from the hatch through the crew quarters

MDA through the Structural ceiling hatch and into the crew

Transition Sectior, (STS), the quarters.

Airlock Module (AM), and a

portion of the S-IVB stage LH 2 A preliminary task analysis --
tank into the crew quarters area revealed several critical areas

: of the stage (see Figure I). requiring simulation and further

MDA STS AM FIREMAN'S POLE

• /.u^ /a,a /AM / CREW QUARTERS

FIG. I - OV/S PACKAGE TRANSFER ROUTE
i
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study in order to assure success- of package mass and configura-

ful performance of the transferral tion could be established from
task: these tests, however.

a. The effectiveness of a Analysis and correlation of

fireman's pole as a translatton data from the above simulations
aid needed verification, indicated that the most

} important single characteristic

b. Limitations relative to of a package which affects its

package mass and configuration maneuverabiiity is package
had to be established, moment of inertia about the

handle. For this reason, an

c. Effectiveness of package additional neutral buoyancy/

handholds (design and location) KC- 135 zero "g" program _as

required investigation, designed to obtain data on ease

of handling for a wide range of

i d. A basic technique of man/ package masses and moments

package transfer had to be of inertia and to determine the

developed, limiting moment beyond which

! control of the package cannot
i be maintained.

SUMMARY OF SIMULATION

METHODS EMPLOYED

PRELIMINARY SIMULATIONS

In order to accomplish the

above, a preliminary simulation

program utilizing a six-degree- Rationale
of-freedom simulator and the

KC-135 zero "g" aircraft was This phase of the study was

; developed. Techniques, conclu- designed as a general investi-

sions, etc. established using the gation of the problem of manual

six-degree-of-freedom simulator translation and package transfer

were verified aboard the KC-135. for the purpose of supporting

OWS design. Objectives includ-

Data obtained from the pre- ed developing a basic transfer

; liminary program was sufficient technique, determining
to verify the effectiveness of the adequacy of the fireman's pole

fireman's pole as a translation design, investigating necessity

aid, to determine handhold design of tethers and mobility aids,

and location, and to establish a and determining package size

basic man/package transfer and weight limitations. Develop- .
technique. Only gross limitations mental work for this phase was

VII. 6. 2
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conducted using a negator spring six-degree-of-freedom and the
six-degree-of-freedom simulator KC-135 simulations was
at MSFC. Results were verified similar, in order that there

under zero "g" conditions in the might be consistency between
KC-135 during approximately the tests. Due to stress
150 parabolas, requirements, however, the

KC-135 mockups were consid=

Method erably more sturdy. Test
setup included two 40-inch-

a. Subjects diameter hatches separated by

A total of three MSFC test a distance of approximately
subjec#s, each ecuivalent to an Z0 feet and connected bya
astronaut in size and physical handrail (firemants pole) of
condition, participated. One of elliptical cross section (1.ZS"
the three took part in both the six- x 1,75"). Entrance to one of

degree-of-freedom simulator and the hatches was enclosed by a
the KC-135 work. Additionally, "cage" approximately fix e feet i

four members of the MSC flight in diameter and four feet long

crew participated briefly in the to provide an envelope similar
KC-135 tests. All subjects to that of the aft compartment i
operated in shirt-sleeves, of the AM (see Figure H).

Three packages were employed
b. Apparatus for each simulation:

Apparatus for both the /" ---_'---''N_

FIG. II - TEST EQUIPMENT INSTALLATION IN KC-135

!
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Package #1 - 1Z"x lZ"x Z4" box Package #3 - 150 lbs.

on a Z0" x 30" pallet

Tethers, tether rings,, tempo-
Package #2 - 15" dia. x 26" rary storage hooks and other

cylinder on a 20" x 30" pallet au.xiliary equipment were similar

between test setups. Still and

Package #3 - 20" x 30" x 40" box motion picture cameras were

on a 30" x 40" pallet used for data collection.

During the six-degree-of-freedom c. Procedure

simulations, helium-filled In each simulation, the

balloons were attached to the subject initially transversed the

packages to approximate weight- pole empty-handed to become

lessness. For the KC-135 tests, acquainted with the equipment

the packages were weighted to and to determine a basic

provide the following masses: translation technique. After-

wards, for each iteration, the

i Package # 1 - 60 lbs. subject transferred one package
! on a "round trip" through both

Package #2 - 80 lbs. hatches and along the length of

i

t_, /,_.

: FIG. III - TRANSFERTECHNIQUE(NOTE:TETHERSPROVIDEDFORSAFETY.)
}

'L
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the fireman's pole. d. Package handhold design
and location

Results Handholds should be

located on the package in such a

a. Transfer technique manner that, as the package _s

The preferred method of "pushed" in front of the man, the

translation, developed in the force exerted against the handle

six-degree-of-freedom simulator passes directly through the
and verified aboard the KC- 135, package center of mass.

is illustrated in Figure III. Generally, this would mean

Major considerations of the method locating the handle at the center
are as follows: of the package side that is

directly in front of the man. A

(1) Grasp firemanfs pole in one contoured pistol grip handle
hand. configuration is recommended

for adequate control of the pack-

(2) Grasp package in other hand. age in both pitc_, roll, and yaw.

(3) Push package in front of e. Package weight limitations

subject for optimum guidance and Subjects were able to
control, safely and accurately transfer

the 60 Ibm and the 80 Ibm

(4) Lock feet lightly around pole packages. The 150 lbm box,

for directional stability. (NOTE: however, was too massive to be

This suggests that translation handled safely by one man within

under suited conditions will be a desirable time. Subjects

much more difficult than in shirt- suggested that approximately 90-

sleeves. Also, in the KC-135 the 100 Ibm appears to be a reason- p

subject_ legs tended to involuntar- able maximum for one man

ily come unlocked and float apart, manual transfer, provided the

which resulted in a loss of direct- package center of mass is not

ional stability.) more than 14-16 inches from
the handhold.

b. Handrail desisn

Cross section of the fire- f. Package size limitations
man s pole was a 1.25" x 1.75" In order that visibility
ellipse. This proved to be a should not be obstructed, the side

definite advantage in preventing of the package directly in front

rotation around the pole and is of the subject's face should be
the recommended configuration, limited t_ no more than Z0" x 25".

Length of the package should be

c. Tethers such that package vnoment of
. _ethers for connecting man inertia about the handle is

to package, man to handrail, or acceptable.
package to handrail are not

required except as a safety
measure.

|

--!
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Summary condition, and the neutral buoy-
ancy subjects were qualified

Most of the objectives of this Scuba divers. One of the KC-135

phase of the study were accom- subjects had participated in the

plished. As stated previously, how- earlier KC-135 tests. Neutral

ever, it was discovered that buoyancy subjects operated in

package manueverability is not a Scuba equipment and KC-135

function of either package mass or subjects in shirt-sleeves.

package size but a combination of

both parameters. Thus the b. Apparatus

hypothesis was formed that the Test equipment setup for

greater the moment of inertia of the each simulation mode basically
package the more difficult its consisted of a fireman's pole

translation and/or maneuverability, and a package "receptacle"

Additional testing was suggested arranged in such a manner that

to test this hypothesis and to estab- the package had to be transferred

lish a maximum allowable moment along the pole and maneuvered

about the handle, into the receptacle. Clearance

between the inside of the recepta-

cle and the exterior of the pack-

PACKAGE MOMENT OF INERTIA ages was approximately 1-Z

-' SIMULATIONS inches. KC-135 mockups used

in the earlier phase of the study
: were modified to include an

Rationale extension to th= handrail and the

receptacle mount,_d on the

The purpose of this portion of the simulated airlock. This required

] simulation program was to explore the subject to turn the package

t and refine results of the preliminary through a full 180 ° just prior to

:! tests by investigating package insertion into the receiver. (see

maneuverability in terms of package Figure IV)
moment of inertia about the handle.

Data was obtained using both a Neutral buoyancy packages used

neutral buoyancy simulator and the were of the following configura-

! KC-135 during 77 parabolas, tions:

' Method Package #1 - 10" x 10" x Z0"-
70 lbm- MOI about handle 41

; a. Subjects in-lb=sec z
A total of five MSFC test

subjects participated in these Package #2 - 10" x 10"x 30"-

tests, three in the neutral buoy= 110 Ibm - MOI about handle 137|

i ancy simulator and two in the in-lb-sec 2

, KC-135. Each was equivalent to

! an astronaut in size and physical Package #3 - 10" x 10" x 40" -

VII. 5.6
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FIG. IV - SUBJECT AND MODIFIED KC-135 MOCKUP

140 Ibm - MOI about handle surface" lengths. (see Figure V)
306 in-lb-sec 2 This enabled the packages to be

rapidly modified to vary the
Each neutral buoyancy package moment of inertia while maintain-

was modified to receive each of ing the same mass. Table I
five interchangeable handles of summarizes the combinations
dzfferent "grip area to mounting which could be achieved.

_i .. I1
/ ''

t
i LENGTH"X" (INCHES)

A'- 3
B-- 6

* C=10
i D'-'16!
; E:24
J
i FIG. V - INTERCHANGEABLE PACKAGE HANDLES

I
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PACKAGE MOMENT OF (IN-IB-.6EC 2
INERTIA )

3" 6" 10" 16" 24"

10"X 10"X20 *' 70 LBS. 35 51 77 127 214

10"Xl0"X30*' ! 10 LBS. 130 162 215 311 470
.',

i 10"X 10'eX40' 140 LBS. 266 318 400 545 775

I

: . = MK2
I_ MOI=L 0 +]--_g=l 0 DETERMINED EMPIRICALLY ON AIR BEARING TABLE

! TABLE 1- PACKAGE MOMENTS OF INERTIA

c. Procedure 2. , . Good

In each simulator subjects _,
_t. -'o._e reservationswere allowed two practice runs to 3 . . _ ","-.

familiarize themselves with the

equipment and the transfer tech- 4 . . . Poor - many reservations

nique. Afterwards each iteration

required the subject to translate 5 . . Unacceptable

approximately ten feet of the fire-
man's pole, and insert the package Re suits

into the receptacle. On the KC-135

this included maneuvering through This phase of the testing

the simulated airlock and guiding program verified that a combir,-

the package through the 180 ° turn. ation of the package parameters
s_7.e and mass (moment of inertia)

d. Data is a very significant factor

Data recorded included affecting package maneuverability.

movies, time required to complete Average subjective ratings for

each task, and subjective evalu- the various moments investigated

ation of each iteration. The are plotted in Figure VI. This

subjective evaluation was based on plot assumes a reasonable

a five point rating scale'- package configuration for ade-

quate vision and a reasonable
1 . . . Excellent amo(Int of time within which to

VII. 5. 8
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complete a transfer operation. PLANNED WORK
(With unlimited time restraints

and with a package of small dimen- Experiments conducted to

sions, the upper limit on package date have provided significant

mass would be considerably aata on man's ability to transfer

higher.) The moment of inertia massive packages in a zero-g

limits presented in Table II environment. However, many
were derived from the data additional tests, as well as

plotted in Figure VI. These experience gained from actual

limits suggest that a package EVA/IVA, are required before

with MOI less than 65 in-lb-sec 2 a reasonable degree of

can be easily maneuvered and confidence can be attached to

precisely positioned under results obtained. Planned

zero-g conditions. If the require- experimental work at MSFC

merit exists to transfer a package includes the following:

through a large open area where

few positioning constraints exist, a. An investigation to

approximately 250-300 in-lb-sec 2 determine maneuverability of a

can be tolerated. A value of very heavy (approximately 300-

300-350 in ib-sec 2 appears to be 5C0 Ibm) package with its handle

an upper limit for one man at the package center of mass.
transfer within a reasonable

i time frame, b. IV[orework to validate the

recommended pistol grip handle

: MANEUVERABILITY MOI configuration.

EXCELLENT 0-65
c. A study to determine upper

GOOD 66 - 150 limits of moments of inertia
!

! FAIR 15I - 240 about each of the pitch, roll, and

I yaw axe s.
! POOR 24] - 330

UNACCEPTAgLE 331

TABLE II - MOi LIMITS

I
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EVA REQUI_S IN SUPPORT
OF SCIENTIFIC AND TECHNICAL EARTH ORBITAL SPACE ACTMT£ES

Chester B. May

NASA Marshall Space Flight Center, Advanc_d Systems Office
Huntsville, Alabama

Harlem A. McC-rty
Sp_ce Division of North American Rochvell Corporation, Guidance & Control

Downey, California

SU_d_Y: EVA requir_ts in support of earth orbital experiment activities _f

the scientific and technical cc_m/nity projected for the 1970 - 1980 hin_f_ame %

indicate a potential _or extravehi_/lar activity to support stated goals. Tne
requirements for the EVA activities have been addressed by the NASA and was the

subject of a 14-month contractual effort by the Spac_ Division of Nerth
American Rockwell Corporation.

This study indicated the broad end objective o=.the following disciplines:

astronomy, biosciences, physical sciences, ccnm_uLicatfons and navigation,

meteorology, biomedical behavio;_, earth resources, advanced t_chnology, and
orbital operations. These objectives were used to determine the supporting

scientific and technological experiments in each discipline; and criteria were
established to reduce the large number of identified experiments to a repre-
sentative, manageable number to be analyzed in detail _or establishing EVA

requirements, ks a result of the detailed analyzes of represent_-.tiveexper_

ments from each of the scientific/technical disciplines, EVA astronaut task
and functions were identified.

The functional task was mad_ to eliminate redundancy and to develop EVA

requireazants in terms of prccedures and equipment. These, in turn, were used
as a basis for two experhrental EVA programs or,NASA Form 1346. These experi-

ments are directed toward develDpment and verification of operational EVA
capability required to support the S/T experiments.

! This paper will also discuss the ground simulation plan and experine_tal

•i approach.

INTRODLL_ION capabilities in terms ef techniques

and equipment necessary to provide
_ This paper will discuss a study that EVA support, and (3) to define

designed t_ determine the EVA capa- the experimental EVA program that
bility required t; support the earth must be condacted to develop and
orbital scientif:.c and technical demonstrate the EVA functional

experiments projected for the 1968 - capability.
1980 time period. The objectives of

the study were: (i) to identify the The major phases of the study

scientific and technical experiments were organized according to the study
requiring EVA support in the 1968 objectives and were acoumplished in a

through 1980 period, (2) _ define logical seque2.ce which began with
: the astronaut EVA functional establishment of a scientific and
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_echnical experiments baseline and pro- capability that must be devcloped for

ceeded through definition of two adequate support of earth orbital
proposed experimental EVA experiments, scientific and technical experiments.

The experiments baseline analysis, The delta capability requirement
which occupied a major portion of the formed the basis for definition of

study, eonsisted of listing all the t_o experimental EVA experiments that
proposed earth-orbital scientific and are designed to develop and demon-

technical experiments. Sources for strate the necessary EVA capability.

the proposed experiments included These two experiments, which were
previous NASA in-house and NASA con- defined in accordance with the third

tractor studies. The experiments were study objective, represent a major

assembled by scientific and technical output of the study. They were
discipline, time period, and potential structured about the three basic EVA

i requirement for EVA support. It w-_o functions: t__anzlation, egress and
fot_d necessary to reduce the large ingress, and work performance. One

ntm_er of proposed experiments requir- experiment specifically involves
ing EVA during the principal period of translation of EVA astronauts _nd

I interest (1971-1974) to a manageable astronauts with cargo but includes

i nt_ber for detailed analysis. Accord- d_uonstration of astronaut rescue
ingly, 16 of _/_ebest defined and most techniques. The second experiment is

realistic were selected as represen- designed to demonstrate the EVA func- m

tative and analyzed in depth to tions of egress and ingress and work
i establish the validity of the EVA performance. Both experiments are

re_lirements and to define EVA func- written in accordance with NASA Form

tional capabilities in terms of 1346 and define ground sinTalation and

techniques and equipment required to training requirements as well as in-
I perform the EVA. orbit experiments. Each experiment

consists of a set of subexperiments,

Because the EVA functional des- or experiment options, so designed
criptions contained large quantities that the options may be performed

j of detailed data, a special analytical separately on different missions, or

! techc_iquewas developed. Called EVA sequentially during a single mission.
Building Blocks, the technique con-!

sisted of assembling EVA functional
• descriptions by means of decimally EXPERIMENTS BASELINE PROGRAM

co_ed numbers in such a manner that a

complete EVA task could be.described Baseline Selection Criteria
by a set of bllilding block ntm_ers.

: The building block technique, which The primary objective of the

i permitted statistical treatment uf EVA experiments baseline activity was to
capabilities data, was one of e/_emore produce a fr_rk of earth orbital

significant analytical tools developed scientific and technological space
in the study. This analysis resulted activities upon %_lich a time-phased
in delineation of the EVA techniques baseline extravehicular activities

and equipment required to support the program (EVA) oould be developed. To
scientific and tec/anical experiments, be considered valid, the scientific

Existing capabilities were established and technological experiments con-
: in accordance with current equipment tained within the baseline must have

status, and the deapnstrated EVA tech- their relationship to the overall

niques were defined and (x_ with national space goals and objectives
required capabilities. The differ- identified in terms of their contri-

ence or "delta" then represented the bution or usefulness. In addition,
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the experiments baseline n_st reduce in Figure i, for which the end

the large number of candidate manned objectives were def_d. Discipline

earth orbital experiments to a smaller, _ ebjectives, together with cab-
more m_nageable number of scientific objectives, were defined for each
and technological experiments exhibit- discipline.

ing typi_ll EVA operational require-

ments in order that E_4Atask require- Potenti_i experiment_ and associ-
ments may be analyzed in sufficient ated equipment were identified

detail. The trac_nbility of experi- through use of experimept data
ments through the various levels of sources. The observable

reduction in t_ exper_,_nts baseline or measurement capability was defined
m_--t also be clearly evident and for each experiment. The correlation

lo_ical for credibility to be_ between the experiments and the
maintained, investigational objectives was estab-

lished by relating the _le

Top-D_wn Approach _ or measurement capability
of _he experL_ts to the _*t

To accomplish this objective, requirements of the investigation

goals and objectives w_re delineated objectives.

in a "top-down" manner, extending from
national space goals through disci- The first level experiment base-

pline and subdiscipline objectives and line resulting from the t_

knowledge r_ts and finally to analysis was, however, insufficient
intestigation objectives. _t to serve as a means of defining EVA

requirements were then established to requirements within reasonable limits
satisfy the investigation objectives, of the study. The number of experi-

In order to keep redundancy and over- ments was unwieldly, and many of the
lapping activities to a reasonable experiments _ere not defined in suf-

minimum, space objectives relating to ficient detail to readily allow more

national space goals were organized detailed analysis. Therefore, the

according to uses or "user" groups experiments baseline was defined in
such as scientific or technical dis- three additional levels of detail.

ciplines, societies or organizations.

This also allowed maxim_n use of

existing reference material. Tnis Table I. Representative Scientific/
resulted in nine scientific and Technical Experiment Packages

technological disciplines, as shown

] _.At_,,_-,_U_. I A._'1110N_Y AIC_II2 I*MLrI__ION.LIM/TEDIELISCOff

JU[OS02[ !-M[181 TIll.SCOPE, ADVANCID RIW4CITON

_o'_qtvl_ A[_ll[ ATMAIOCEJI_M_TEE SOLM TELISCCim[
_¢_n'_r _ X-lAY FOCUSING TELESCOPE

IIiOSCIINCIS IIAOIOIID SCIrT_rtUl[ AND CUI.TUI_ MIC]ICX_IIGANISMS
IN NF.NI..IAITH OlSlt

PIIIMAll[ NOMOIXAI ('lllO A')
j I101101_ iMIA.TI*IPI.IIPOSE IIIOLO_ICAJ. PACKAGE

AND NAVIGATION CA0101DO L4DIqG-IIO_M INll_Ur_OME1"ER

SCIIENCES _ S,PACECIAFT _ ENWI_ONalE_

_ _ _ _ lllO,0X. COf_&IGATE .(31tA AN0 AIRGLOW: _I)V.L_:I1) TEO4NOLOGY LGC_XW_ ! I.A_G! SmUCTtaES DII'tOY_tNt

(_._ O4_RATIOI.4S 5GdlOT]_L_ F_TH C_|ITAL SI?_ STATION

: FIG. 1 - NATIONAL SPACE PROGRAM GOALS

!
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Each level progressively contains fewer lated which %_uld eliminate the

exper_ts, each defined in greater necessity for EVA to provide assur-
depth with respect to prospe_cive ance that the EVA support requirement

experiment tasks and associated EVA as defined in the original scientific
functions. _ne final fourth level and technical proposal was valid. In

experiment baseline contains a manage- many instances, a modification of

able nt_ber of experiments (Table I.) experimental procedure resulted in
defined in sufficient detail so that reduction of the number of EVA's,

they can be verified as representative the number of EVA hours, or more
of operational EVA requirements and efficient use of astronaut EVA time.
can, therefore, serve as a baseline

for the subsequ_.nt more detailed

analysis of EVA tasks with associated EVA OPERATIONS ANALYSIS

EVA techniques, equipment, and per-

formance requirements. Becattse of the large volume of
descriptive detail involved in the

preceding, experiment definition

EXPERIMENT DEFINITION analysis, it was necessary to develop
a special technique for handling and

Each of the 16 scientific and tech- analyzing the data. The analytical
; nical experiments selected as method consisted of identifying basic

representative was analyzed in detail sets of EVA functions, subfunctions,

to identify the specific EVA require- techniques required to accomplish
merit and to establish whether the the functions, equipment ,_cessary to

_t was valid or whether the perform the EVA functions/technique,

i experiment function requiring EVA and, finally, a set of gross per-
st_port could be accomplished in some formance measures. These functions,

{ other logical mariner. The details of techniques, etc., were gro._d into

the experiment definition analysis logical combinations that could be
are explained in a following paper, so used to describe a-discrete EVA

will not be elaborated on here. activlty.
Briefly, the analysis "consisted of

; examining the basic experiment to __nalysis of EVA Tasks
4 assure that. the experiment concept

was realistic for the time period and Figure 2 illustrates the analyt-

that the equipment would satisfy the ical procedure used in the EVA
_t requirements of the operations analysis of individual

4 scientific objective. The experiment

operational configuration t/%enwas
i analyzed to determine its physical

i interfaces with the spacecraft and
: spacecraft systems and to assure that

the experiment could be performed in

the space emrironment. The in-orbit
experimentsproceduresnecessaryto
conduct the experiment were defined to
identify man's role, particularly

man's EVA role, in performing the

[ experiment.Once the EvA m._:oz_c
i requirement had been identified, the

experiment procedures,were reexamined ,,
in depth a,d possible procedural and FIG. 2 - TYPICAL ANALYTICAL
equipment modifications were postu- PROCEDURE
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EVA tasks. This analysis is initiated retrieval. The astronaut first

with the description of the EVA tasks eqresses an airlock on the space
to be performed. To further define station and then translates to the

this task, a functional astronaut pro- worksite. He prepares the worksite

_ure required to perform the task for the data retrieval operation;
must be specified. For each of the then performs the actual work. Fol-

steps in this sequential procedure, lowing retrieval of the data, he
the conditions which apply to that • _p secures the worksite for further

must be specified. This specification experimental work and returns to the
requires listing of the astronaut func- airlock.

tion being performed, the technique

the astronaut uses to perform that The first step in this sequential

function, articles of EVA equipment procedure, the egress of the airlock
required to support the astronaut, and with two film cassettes, contains

the astronaut pexformance capability, three separate substeps, as "shownin

Following the analysis of each step in Figure 4.
the secf__encefor a specified E%Z task, _ tT_ mJ_ay AST|O_ f_T _af$_$ n_ CmmTAL

the requiremen" _ _enerated by t_is I '_'_...... _ .....=" '_ ....._'_" ianalysis can h _ llected. Finally, _ ................ ,_.,_,,,,*'"-_'_"'"'_'_"'_

after oc_pletion of all analyses for ___r___
all EVA tasks considered, a cc_prehen- _ _ -- _
sive listing of EVA requirements may .......o..... _.....-_ ._-__C_E$_$AmLOCK CASSeTtESTO I_QuqumDF04

be generated. "........ _"_
l

Data Retrieval Task
• ArtLOC__TCM SiZE_4TO3t JN v_DtIrv _ J_ P,_

As an example of the application ......_ ....._,o,_,_,_o....,_._,,_,-
of this procedure, the retrieval-of- ........._o......_......................._,o

P_FO_M_U_T_N

data task in support of the one-meter ........._ .....=._,_,,Y,o.=,_,_,
• telescope _"illbe considered. .............,_,_,,_ _._*--,._'T_*_._,,,_...._, _......O,O

Figure 3 illustrates the sequential

steps required to perform this data
FIG. 4 - ANALYZE OONDITIONS

OF STEPS

[C'RrS$ TOWORKSI_ -----/ __\_

___ egress of the airlock bv the primary

P_PAI_

_ wo_s,,_ astronaut, the second with transfer
of two film cassettes, and the third

with back-up astronaut positioning.

The first of the three functions,the egress of an airlock h5,an

; " ""<'_'-'/ ' @-]_* astronaut, was enommtered a large ,

. __. _C__cu_ number of times during the analysis

of many EVA' s. The analysis of the

conditions of this step, as pre- ".

_ scribed in Figure 4 requires
; specification of the function per-
! _-_'_ _ formed, astronaut technique, EVA

equipment, and performance level.I

! FIG. 3 - _VA ACTIVITIES - MODULE The analysis of __his specific step
REP_ includes specifications of the air-

lock hatch characteristics,
i
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determination of the technique used these are primary astronaut function

for the egress, and specification of being performed, the technique used

astronaut equipment, such as life sup- to accomplish the function, specifi-
port, spacesuit, etc. In this case, cations of EVA equipment used, and

the appropriate performance emphasis estimates of the astronaut
refers to astronaut body velocity and capabilities.

body positionir_ maintenance. As is
shown by this discussion, the analysis Because the buildinq blocks are

of this rather simplified substep used to describe the functional

results in the generation of large astronaut performance of all possible

amounts of data. EVA operations, it is mandatory that
these building blocks be cc_prehen-

T_L[S type of _nalysis leads to sive in nature, q_ree basic

three basic problems. The first of categories of astronaut functions

these is that the generation of the have been used to describe astronaut

large amounts of data during analysis functions. These categories, as

is a rather tedious procedure. Also, shown in Figure 5, are: egress and
there is repeated usage of much of the ingress, translation, and work per-

data in the analysis, such as that formance. The categorization system
data pertaining to egress of an air-

i lock. Finally, there is a very large

, acctm_lation of data. There are three
possible solutions of these problem i i t! .............J i ...........I I............I

• areas. A shorthand system eliminates @ ___,o_,_,_,_2.. _

: some of the tedium associated with

this analysis. Consistency during the
analysis is necessary so that each

time similar- conditions are generated.

Finally, the large accumulation of data

requires that a categorization system _----V_"_JT_ _........._....... -
be developed so that the analyst can !c_,_ .......... _....

very rapidly scan like amounts of data ,,c..... ' .........

to dete_nine EVA requirements upon _-:.-:.........
, completion of the task analysis por- '_:_5.......
I tion of his effort .... _._

Buildin9 BlOcks Concept

FIG. 5 - BUILDING BLOCK

Standardized data bl_cks, based CC_TION
upon the requirements for analytical

tools, provide a r_ces._ry solution, used assigns decimal numbers 1.0,
Also, these data blocks, since they 2.0, and 3.0 to these three basic
apply to analysis of sequential steps areas. To further describe the

in an EVA task procedllre, can be used astronaut functions being performed,
sequentially to identify possible these basic functions were sub-

ways to perform an EVA. During this divided. In the egress and ingress
study, the term "building blocks" has area the next subdivision used is

been applied to the standardized data airlock hatch, or confined entrance.
blocks generated. In the area of translation the next

subdivision differentiates between

The building blocks format con- translation of an astronaut and

rains four items of information translation of cargo. Finally, in
required in the analytical procedure; the area of work performance, the
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next level subdivision refers to astro- shc_n in Table II. This building
naut positioning, equipmer.t positioning, block specifies the technique used

force application, or astronaut obser- and the specific items of EVA equip-

ration. These latter four areas are ment in Building Block 3.1.1.3. For
assigned decimal descriptors of 3.1, this building block, the performance

3.2, 3.3, and 3.4, respectively, requirements specified include a 0-

to 4-foot radius positioning reach
Since these latter descriptors are and fine [x)sitioning accuracy.

: not unicfle descriptions of astronaut

functions which may be performed, fux- Table II. Manual Astronaut
ther subdivision is necessary.
Illustrated in Figure 5 is the sub- Positioning, Building Block 3.1.1.3
division of area 3.1, astronaut I

positioning. It is shown that astro- _ colo,,N, _,,,,o,

naut positioning may be performed in I ,,CxN_ _U_ *SmO_AU,POS,,,ON,,Geither a manual mode or a powered mode. mu,,_N, _,_,,
_mo,_,s.mY,E,,E,S

These modes carry the decimal des- { t,t_,_,s_,_

I
I£STRAINI$

criptors of 3.i.1 and 3.I.2. Also, as .t,.s,_o._Ds _ HAN_"LS
shown in this matrix, there are vari- _*,S,,S_,,,-,tEX,,tEm,AUPRE|t4SIALLED ;OC)_l It£SIRAIt415

ous specifications of particular

techniques and equipment which may be I _,,_, ,_m,t_,,s _,,,o,,,G'm"'°"'__CU,AC_"E_"(o,o.F_E,,_,u_
USed to perform this astronaut func- _o_+,_t 0,os_G.EES
tion. For each combination of tech-

niques and equipment, there is a
specified astronaut performance level.

In this case there are eight unique Application of Building Blocks
specifications of uechniques and equip-

ment which may be used to perform Because the building blocks pro-
manual astronaut positioning, vided for description of EVA tasks by

means of a numerical code, they _are
readily _le to analysis and

were utilize4 to generate the overall

EVA r_ements which were categor-U

,O,A, ized according to a requirement that
BB AVAIL

,_+_,,_ I ,,_mRm_ J hhe astronaut have a certain capa-

the requirements for EVA equipment

that permit the astronaut to perform

_s_ _ (" .m the functions. These requirements
I werethens tisti 11y to

--_ "_' determine the frequency of occur-

rence for each requirement according

_RIFICATIONP_GRAJ&_(m to the number of times a capability

was required in the performance of
w.P. ,, the representative EVA tasks. This

statistical analysis was USed as a ".
basis upon which to structure exper-
imental EVA programs designed toFIG. 6 - BUILDING BLOCK

USAGE demonstrate and develop the EVA

.[ capability required to support early

[ An _le of one of these eight requirements. Because it was
: different building blocks in the area impossible to demonstrate tb_t all

of manual astronaut positioning is requirements could be met, it was

!
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determined thou those requirements Egless/Ingress
_ich would satisfy at least 90 percent

of the requirements generated by analy- T_D basic egress/ingress cate-
sis of the early experiments would be gories were used for specJ fication of

used in defining the experimental EVA astronaut performance requirements.

program. These are astronaut-only egress/
inoress and ecf_ipment egress/ingress.

Eighty-eight building blocks were These functions must be performed

assembled to describe all possible from an airlock and from a command
EVA's; however, the EVA operations module hatch. The most difficult

analysis revealed that only 50 building problem in astronaut-only egress/

blocks were actually required to sat- inoress is presented by the hatch
isfy all the EVA support needs of the situation. The volume available

16 representative scientific and tech- within the rIM is quite limited, and

nical experiments. Furthermore, by the astronaut and his backup must
substitution of building blocks to don their equipment prior to initia-

eliminate those less frequently used, tion of the EVA. It has been
it was found that 22 building blocks determined _-_at t_heactual emergence

accounted for more than 90 percent of of _ astronaut will present no

EVA usage. Accoudingly, the two pro- problem.
posed experimental EVA experiments were

i structured to develop and demonstrate In the category of equipment
the EVA capabilities, tecthniques and egress/ingress, it was found that

equipment making up these 22 building light _ipment was utilized most
blocks, fr_: _ly. The technique utilized

f _r this _)cedure requires that thei
I back-u£ .:_naut pass the equipment
, EVA REQUI_ out to the p.;is._ryastronaut after
{
t his egress. Equipment egress/ingress

EVA requirem_nts may he categorized from the _d module hatch is very m
according to specification of func- limited because of the weight and

tional performance requirements or volume limitations of the system.

i equipment requirements. The functional Generally, the equipment weight will
performance reqtlires-ents impact heavily not exceed 25 pounds. For the air-

upon the generation of equipment lock, cases were found in which the

requirements and will be described equipment to be handed out weighed
initially. EVA functional performance up to 70 pounds. The types of
requirements are categorized according restraint system to be utilized in

j to the same functional descriptions this process must be evaluated in the
which _ used in the generation of experimental program.!

the building blocks. These areas are

{ egress and ingress, trar_lation, and Wcrk Performance
I work performance. The functiona/ per-
I formance requirements can be generated Among the most common astronaut

by referring back to the EVA task functions required in support of
analyses which were prepared and by o_erational EVA are astronaut posi-

specifying the required levels of per- tioning and repositioning at work-
formance which were most critical in sites. These functions include

i these analyses. An example of one pesitioning using handholds only,

: technique for displaying these data is waist restraints only, an_ ccmbina-
i shown in Table III for two astroncmy tJons of waist restraints and foot

_ experiments, restraints. Repositioning of the|
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astronaut at the worksite generally was positioned ranged from very small

an angular repositioning about a foot- packages to bulkv racks containing

fixed position. The most frec_ently approximately 60 po_mds of equipment.

encountered angular movement was a Equipment restraints considered range
pitch movement of approximately 30°. fr_n adhesive_ or velcro patches to
Roll and yaw repositioning were found variable or fixed mechanical connec-

to be required for the astronaut to tions. The patch type restraints

perfonn work at a large area worksite, require less effort on the part of
These movements also %_re found to be the astronaut but are limited in capa-

a_proximately 30°. bility. Where equipment weights
exceed 20 pounds, mechanJ cal

The astronaut n_st be capable of restraints should be used.
restraining himself at several differ-

ent worksites during the course of a During tasks in which the astro-
r

single EVA. Consequently, the _rksite naut utilizes the S_3 for transporting
restraints must not be one-time appli- both himself and his equipment, the

'I cations; and the attachment and detach- equipment can generally be restrained
i ment must be simple operations, on the S_3 until needed.

Finally, it was found that for contin-

i gency worksites the astronaut should The majority of requiremp_nts for
i possess the capability to install his operational EVA capability pertain to

.i foot restraints while using either tl,edevelopment of unassisted astro-

i waist restraints only or, more commonly, naut force application techniques.
_. handholds only. The astronaut foot- Generally, the astronaut is required

! restraint system is required Ln these to exert light-to-medium forces

cases to be transported on an astronaut while manipulating light modular
cargo harness from the point of egress packages within confined areas. The

to the worksite, packages to be so manipulated usually

weigh between 10 and 15 pounds, and
Astronaut positioning functions the astronaut may utilize dual waist

utilizing a powered mode were also restraints and foot restraints while

I required and wer. acccmplished with a performing this activity. Critical

• stabilized maneuvering unit (SMU). to the development of this capability
After positioning himself near the is determination of astronaut reach

worksite the astronaut must be able to limitations and ability to perform
attach worksite restraints for the SMU manipulative actions at extreme

if be is to apply forces during his reaches.
work. The specialized restr=ints will

J

generally be used to atta-h the unit It has been found that the astro-
at a contingency worksite, i.e., one naut must have much freedom in his

at which no provision has been made arm and body movements while perform-

for restraint anchor points, ing the activities analyzed. This
need for freedom of movement is

In most of the EVA tasks analyzed, noted primarily in the removal of
the astrona it must be able to tempor- modules from storage. In many of

arily position various equipment at the long-duration EVA tasks the

the worksite. Some of this equipment astronaut is required to possess
may be attached at worksites that have great endurance also. Some of these

been previously prepared with attach- EVA's approach four hours, and the

ment points. .Otherworksites will be astronaut is required to perform
contingency sites with no preparation, light-to-medium force applications

In a manual mode it was found that the as well as repeated translations.
items of equipment to be tesporarily This _rk involves metabolic heat
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loads of approximately 2000 Btu's per L_fAEQUIPMENT REQUIREMENTS
hour.

The EVA functional performance

Manual Translation and Cargo Transfer req,_irements definition formed the
Pequirements basis for establishing EVA equipment

requirements. Each basic function,

Manual translation and cargo trans- together with the function performance
fer requirements are occasioned by: level, was examined from the stand-

(a) EVA support require/nents of point of the equipment required by the
scientific/technical experiments and EVA astronaut to perform the function

space station operations in the early at the necessary performance level.

time period, _b) the requirements to Many of the equipments found to be
support S/T experiments in separable required also were found to be non-

modules (occurring in the mid and later existent or at least not to exist

time period, and (c) by the necessity with the capability level necessary
to have an EVA astronaut rescue/ to adequately perform the required

retrieval capability. EVA function. Therefore, equipment
requirements were defined largely in

The manual translation and cargo terms of general equipment concepts

transfer functions were found to be and associated performance
required at least once for each of the requirements.

16 S/T experiments analyzed (see

Table IV). There were 53 total manual Spacesuits
translations required of the astronaut

travessing up to 60 feet. Thirty-nine The requirements for the develop-
of these translations r_quired him to ment of spacesuits have been separated
transfer cal-gopackages weighing up to into two basic categories. The first

85 pounds, category is basic work functions, such
as data retrieval, which are not

Table V provides a summary of the exceedingly complex or of long dura-

manual translation tasks which require tion. In the performance of basic
the astronaut to tra_fer cargo. The work functions, it is required that

information in this table refers to the astronaut spacesuit allow sig-

just the experiments in the astronc_y nificant hand dexterity. The present

discipline and indicate, in addition pressurized gloves allow t_e astro-
to performance requirements, equipm_nt naut at best a 65 percent capability

_ requirements which are specific to the to manipulate one-half inch pins
translation task. The translation compared to the same manipulation

' column refers to the traverse path with a bare hand. This type of limi-

(L. S. CM-WS-C_4 is cc_mand module to tation impacts on the design of the
work station to command module). The scientific experiments which the

_i other columns are self-explanatory, astronaut can support. These experi-ments must provide sufficient size
! Tables VI and VII are summaries of ob4ects that the astronaut can handle
i
t the performance factors and equipment with the present glove system.(

I required to accc_plish the manualtranslation and cargo transfer func- The suit should be compatible

I tion to support the 16 scientific/ with umbilical supply provisions to
l technical experiments analyzed in this reduce the e-q0endables required to

, study, support EVA missions. Generally,
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with a self-contained life support easily stored within the various

syst_-_ __-.dspacesuit it is necessary spacecraft.
that the life support be reprovisioned

at the end of each task. _"_ese suits Life Support System
should conform with maneuvering units

even for the basic work functions. It In the development of the life

is possible that the maneuvering unit support systems, the systems should be

will be used L_ the early time period developed separable from both the hard-
to provide means of translation of suit and the maneuvering unit. The
astronauts and cargo and for inspection separability of the suit allows ease

type EVA's. of mainter_znce of the life support
system upon u_pletion of an EVA

The second category of spacesuit task. Separability from the maneuver-

requirements relates to advanced _._rk ing units allows the astronaut capa-
functions which require significant bility co leave the unit at a '_orksite

translations, movement of heavy objects, to perform various work fttnctions.

fine manipulative dexterity, or long- Higher density packaging is required
duration tasks. Where the astronaut is to ease both the problems associated

required to perform work in an advanced _rith storing life support system_
category, it is necessary that high- within spacecraft and to reduce the

mobili _ type suits be developed. Cur- astronaut difficulties associated

rent softsuit designs t_ to increase with egress and ingress. Reduced
EVA task time and effort over shirt- packaging may be achieved through the

sleeve operations by a factor of two provision of advanced oxygen genera-

or greater, depending on suit pressure tion concepts, sophisticated heat-
: levels. The astronaut may be required rejection concepts, and advanced}
_ to perform _VA's of up fx)four hours' packaging design. The unit should

' duration, and the high-mobility suit further be developed to provide
will enhance his overall performance higher metabolic heat rejection
capability. The requirements for capability. The EVA's which .have be_n

greater freedom of torso and arm analyzed require average metabolic heat

movemsnts to perform cargo removal rejection capability in excess of
operations are expressed 5n terms of 2000 Btu's per hour.
mobility capabilities. Increased

: dexterity will allow the astronaut to Restraint Systems
perform more contingency-type work

operations. This suit, life support There are three types of restraint
_ system, and .maneuvering unit may all systems which have been considered in

i be required to be worked si_tltaneously the analysis of EVA tasks. These are ,

by the astronaut. Therefore, these astronaut restraints, equipment
units must be compatible. Additionally, restraints, and cargo harnesses.
the life support system should be

" separable from both to ease the _-_tronaut worksite restraints

; servicing of the life suppo;± system include foot restraints to waist

I and to allc_ the astronaut at a work- restraints. The present concepts of
site to leave a maneuvering unit to Dutch shoes a- foot restraints are

! perfoz_n work functions. As before, generally satisfactory for work
, the suit should be ccmpatible with performance operations. Dutch shoe

i umbilical supply provislcn to reduce restraints that the astronautrequire
expendables required to support EVA insert his feet within the restraint

: tasks. Reduced mass and packaging to provide an anchorage at the work-

over the presently developed concepts site. Using this type of foot

are required so that the suits may be restraint only, the astronaut can
i

i
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apply s.hort-duration forces of 35 pounds, of temporary equipment restraint is

Within limits the astronaut can also that equipmrnt weighing approxi-
perform pitch-, roll-, and yaw-_ype mately 20 pounds which is to be

repositioning movemen+s using this type secured at nonprepared _orksites.
of foot restraint, tk_4ever, if this The adhesive, family or velcro-patch

repositioning is done in a pressure type equipment restraints is appli-

suit, a continuous expenditure of energy cable to this requirement. %_ne
is required to maintain position, adhesive types equipment restraints

Therefore, for the advanced work per- require development of adhesives

formance activities it is required that _ich are relatively unaffected by
the foot restraints themselves be either the high-temperature or low-

developed to _ve capability for small te_ature extremes that could be

roll, pitch, and yaw repositioning, encountered at a _rksite.
: This will allow the astronaut to assume

an optimal _ork position with t_heleast Cargo Harnesses

expenditure of energy.
types of astronaut-transfer

Three types of astronaut waist harnesses are required. The first of

restraints were considered: rigid, these harnesses is an astronaut rescue
flexible, and variable. The variable harness which should be capable of

restraint is that type of restraint moving a 300-pound astronaut by
which can achieve unusual shapes and manual translation techniques. This

through tensioning adjustment be made type of harness should provide
to retain that shape while the astro- rather snug trunk restraint which

naut exerts force. Any of these waist can be_ rapidly attached by the
restraint systems nulst be cc_atible rescuing astronaut. The second type

with the astronaut repositioning of cargo transfer harnes should be

requirements at the worksites and must capable of handling equipment weigh-

be developed to perml the astronaut to ing up to i00 pounds. These cargo
_ttach and detach his restraint system transfer harnesses will generally be

with _ expenditure of energy, of special-purpose design for the
particular modules which are t_)be

Three basic requirements for temp- transported.
orary restraint of equipment at a work-

site were f_n%d to be required. With a Transfer Aids
300-_und item of equipment and consid-

eration of a prepared _rksite, fixed In many cases it will be impos-

mechanical equipment restraints are sible for the astronaut to translate

necessary. The pip-type pin can pro- certain types of cargo modules upon
, vide the necessary restraint in _/lis an astronaut cargo harness. These

category. This requires two-hand modules will either exceed the '
installation where the astronaut main- weight capability of the astronaut

tains posit/on of the equipment with or will be extremely unusual in

one hand and performs mating o_erations shape. _o types of transfer aids
with the other. The second cat__gory of are considered, manual and powered.

equipment restraints is applicable for Manual transfer aids for cargo

cargo weighing up to i00 pounds. This modules weighing up to 300 pounds
category also applies where the worK- are required to have a 5 degree-of-
site does not have preinstalled provi-- freedom constraint over movement of

; sions for temporary equipment restraints, the cargo. The only degree of

! Latch-type devices which can be secured freedom for cargo module moven_t is
i to available handholds, etc. are appli- in a linear direction. _',y_.:_fer

cable in this area. The final category aids should also be manually
i
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deployable, as they may be reqlired to navigation (large parobolic anter_na).

be directed between the logistics The basic EVA tasks co_r._n to support
resupply vehicles and a space station of t_ese four experiments and which

" after docking. The transfer aids should require the aid of p_ered maneuvering
be capable of operating over approxi- devices all involve relatively long
mately 50 foot distances. An.inflatable translation dist=_ces (from i00 to

i

two-rail type device with a module 300 feet) and the requir_ent to

latching system was considered. For translate with cargo of small to

equipment weighing up to approximately medium mass (20 to i00 pounds). EA_%
i 100 pounds, a limlted 4 degree-<)f- time at the worksite is of prLme

freedom restraint of equipment on a importance Because it is necessary
transfer aid is sufficienu. These for an EVA astronaut to pace his work

' types of transfer aids mmst also be output to avoid over expenditure of

i manually deployable and capable of energy, manual translation over long

; transferring equipment up to 50 feet. distances was found to require too
Two classes of device can be considered, much of t_heastronaut's time in t/he

The first is a hand-held _ boom extravehicular environment leaving

i which can quickly translate light too little time at the remote
. equipment items from one astronaut to wozksite.

, another. For operational transfer of

i light equipment, a double-clothesline This is especially tr_e in long
type device with adjustable tensioning translations involving transfer of

: pulleys and stand-off bars is suffi- cargo - even of small masses. Cargo

cient to meet these cargo-transfer management tends to increase manual
, requirements, translation time. Finally, the

necessity for manual translation
_ed Maneuvering Unit Requirements aids, i.e. handrails, handholds,

either portable or preinstalled,

Maneuvering Lmit requirements are requires that these aids be numerous

occasioned by: (a) EVA support and installed in unlikely places.
requirements of scientific�technical Maneuvering devices were found neces-

• experiments and space station opera- sary to reduce time and energy
tion in the early 1970 time period, expenditure in long translations
(b) the requirement to support S/T (over 60 feet), to aid in transfer

experiments in separable modules of small cargo (tools, modules, etc. ),

(occurring in the mid and later time and to reduce the necessity for large
periods), and (c) by the necessity to numbers of preinstalled manual trans-
have an EVA astronaut rescue/retrieval fer aids.

capability.

Separable Module Support
Experiment Support

Several of the S/T experiments,
Powered EVA astronaut maneuvering particularly those occurring in the

aids were found to be required in mid (and later) 1970 time period

direct EVA support of 4 of the 16 involve the use cf separate modules
scientific/technical experiments flying in formation with the EOSS.

investigated in detail and which were These experiments, primarily in the
projected for operation in the early- bioscience and astronomy scientific

to m_d-1970 time period. The experi- disciplines, require extremely low

ments were those concerned _ith acceleration environments (10--5g
operation of an earth ozbital space bioscience experiments), or no on-
station (EOSS), astronomy (X-ray and board eisturbances such as %Duld be

radio), and with _cations and created by htm_n occupants (astronomy).
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As initially conceived, these _q3eri- safety? was too short to be azccmp-

n_nts required the use of the _ lished by manual means, evel. with the

Service Module (CSM) for experiment aid of an assisting or resc/ing EVA

deployment and set-up and as a base astronaut. Response times varied
from which the astronaut would conduct from 15 minutes to 1.5 holts. At the

any EVA required in these tasks. In lowest response times rescue and

- addition the C&M would be used to per- retrieval will be difficult even with

form experiment maintenance, refurbis- a powered maneuvering device; and the

n_nt and updating activities subse- rescue requirement gives rise to
quent to deployment and initial opera- certain maneuvering device performance

tion. This latter experiment support requirements, i.e. rigid docking,

activity would involve occupying the stabilization, and the large cargo-_
C_4, undocking from the HOSS, transla- carrying capacity (300 pounds, 8 ft5)

tion to the free-flying module, represented by a disabled EVA
docking to the moc_11e, performing the ast_TDnaut.
necessary experiment support activity,

and Lhen returning and docking the C_94 Operational Requirement
to the BOSS. This procedure is a

fairly complex operation a_, because The requirement for EVA support

of the many precise docking and un- of earth orbiting S/T experiments and
docking maneuvers, relatively of an EOSS in both the early and

hazardous, la_er 1970 time period plus the
requirement to rescue and retrieve a

An alternative technique - that of disabled EVA astronaut dictate the

using a powered translation device - use of a powered maneuvering device.
appears the most feasible technically The specific operational requirements
and much safer operationally. The are derived from examination of the

separable modules all have attitude specifics of the operational support
and reaction control systems, and all and rescue functional requirements

could be initially separated from the and are given in Table VIII.
EOSS or logistics vehicle by autamatic •
means without use of the CSM and

stabilized in t_hevicinity of the EOSS. EXPERIMENTAL EVA PROGRAM
: Further, when experiment procedure

dictates a refurbishment or up-grading The EVEA Study resulted in
task, the module could be returned to preparation of two recammended

the vicinity of the space station experimental EVA experiment pro-

(300 to 500 feet separation). The EVA posals to be performed in earth
astronaut could then utilize a powered orbit for the purpose of developing

maneuvering device for translation to and demonstrating the EVA task

the module, functions and associated equipments.
The experiments are designed to

, Rescue/Retrieval satisfy the majority of EVA require-

ments which have oeen generated for

i An analysis task under the EVEA the 1971-1974 time period. One
_ Program P_equirements Study was con- experim.-_ntentitled "Transfer,

cerned with rescue and retrieval of an Locomotion and Rescue" deals pri-
astronaut engaged in EVA. This analy- marily with translation of astronauts

sis considered a number of possible and astronauts plus cargo. The other
i

EVA operational hazards and revealed exp_ q,_nt entitled "Work Performance"
i that for hazards occasioned by certain is designed to demonstrate both the

I equipment failures, response time (to egress/ingress and work performance

! return the astror_ut to a point of functional performance capabilities.

! :
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Using data from the EVA operations astronaut logically leads to de_cn-
analysis the diagram of Figure 6 was stration of a rescue capability.

structured to demonstrate the applica- Accordingly, a second experimen'_al

bility of building blocks to describe EVA program to demonstrate transla-
the tasks investigated during this tion functions involving both astro-

study. It is of interest to note that nauts and cargo was established.

of the total 88 building blocks avail- This second experiment includes

able only 50 were identified as demonstration of a rescue capability
required to support the representative and is _titled "Transfer, Ixx3cmDtion
scientific and technical experiments and Rescue." The conduct of these

analyzed in this study. Certain t%D ey4__riments will satisfy the

specialized characteristic building basic requirement for demonstration
blocks _ere eliminated or _ere found :x) of the EVA translation functions,

contain a_ivities redundant with the egress and ingress functions, and

50 used. The extensive cost of simula- work performance functions found to

tion and orbital experiment programs be required by analysis of the
motivated a next-level analysis to scientific and technological experi-

identify the most ctmmonly used bull.;- m_,ts planned for the early timeframe.
ing blocks. It was thus deter,dried _2 These experiments would demonstrate

building blocks comprised approximately the building blocks identified in the

90 percent of all EVA activity projected -,- -eding section which satisfy

for the early 1970's. The EVA c_ital !_._cent of the required perfonnaz_e :
experiments w_re structured to _atisfy c24:ability.

at least 90 percent of the operati_-_al !

EVA requirements for the 1971-1974 t/me Both experimental programs :
period, involve significant amounts of enq3eri-

mentation and test in ground sim_la-
As has been seen throughout the tion as well as in orbit experiments.

study, EVA activities basically fall Tbi_.simulation program will serve to

into three categories: egress and test the experiment procedures to .-

ingress functions, transla*ion functions, gather data on individual test sub-
and work performance functions. Dur- jects (some of whcm also will be

ing the course of the study, it was in-orbit test subjects), as training _ :
determined that the egress and ingress in EVA procedures and to provide a
ftmcticns were similar in many data base for correlation of in-orbit

, respects to the work performance func- experiment data with simulator data.
tions in that they contain similar The latter factor will enable future

tasks which are acoumplish_4 within a required EVA techniques and equip,_nt

limited work area. Accordingly, an designs (including equipments requ/r-

I experimental EVA work performance ing EVA support) to be developed and

! experiment was established to demon- tested with a high degree of confi- •
strate both the egress and ingress dence in simulation programs rather

functions and the worksite _3rk per- than the more expensive in-orbit test.
formance functions.

' i Transfer, Locomotion, and Rescue

I : The EVA function of translation Exper_i,ent
I includes translation of caruo as well

1 as translation of astronauts. The The in-orbit transfer, locumotion

_ largest piece of cargo projected for and rescue requi_-_m_entscan be defined

i the early 1970 timefz-un_ was found to as a series of discrete tasks which
have a mass of approximately 300 pounds mus% _ accomplished to effect the

i oz roughly equivalent to a disabled EVA transfer in a given situation. These

i astronaut. The retrieval of a disabled tasks can be verified by .series of .... "
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tests structured about the type of of a mass and volute mockup _oznl by
locomotion available. Accordingly, the the in-orbit test subjects. In the

test series is grouped into a set of OWS test area the in-orbit experiments
three separate experLment options or will make use of such station habita-

subexperiments: (i) transfer and tion items as screen flooring, cir-
rescue using a stabilized maneuvering cumferential handrails, and the

unit (SMU), (2) transfer and rescue fireman's pole which are installed
. under conditions of manual loc_tion, as part of the station activation

and (3) rescue involving the use of phase prior to conduct of the experi-
various types of personnel/cargo trans- ments. Other than experiment

: fer aids. _ne experimental procedures instanmentation and monitoring equip-

i for investigation of each of the fore- ment, spacesuits, and locrm_tion aids,
going concepts are identic_! such that relatively little equipment will be

I they can stand alone as individual required to conduct the experiment.
,_periment options which can be per-

formed separately on consecutive space Work Perfon_nce Exper_t

•i flights or ground simulator tests, or
they can be performed all in one The proposed work performance

mission, experiment is designed to develop and
d_nonstrate the EVA technique and

_or reasons of safety and to obtain equipment requirements of the egress/
oontrolled experiment conditions, it ingress and worksite work performance
is proposed that the experiment be con- functions. Like the translation

I ducted in that portion of the orbital experiment, the work performance
workshop (OWS) configuration located experiment consists of a series of

just ahead of the crew quarters and tests grouped into a set of three
known as the experiment area. It is separate experiment options each

20 feet in height and slightly more designed to test a discrete series of

than 20 feet in diameter and will pro- EVA tasks. The options are: (I)

vide the volume necessary to perform astronaut positioning/repositioning
the maneuvers and other astronaut activities, (2) equipment positioning,

translations required in each of the and (3) worksite performance. The

experiment concepts (Figure 7). functions of astronaut egress/ingress
Ideally, the in-orbit experiment should are acccmplished as part of tb_ first

be performed in an unpressurized test option. The work performance
envirom, emt; however, it is felt that a requires the use of a piece of special

valia test can be obtained in a pres- test equipment, called a work per-
surized environment provided certain formance analyzer, which includes
conditions found in the EVA environ- several differen_ work stations - one

ment are duplicated. For example, the specifically suited for each of the

test subjects must use the appropriate experiment options. In addition,

spacesuits pressurized to a nominal _e work performance analyzer pro-
3.7 psi abo%_ ambient pressure. Prob- vides for the test of various forces,

ably it will not be possible to obtain dexterity and work performance
a valid test of life support systems measurements to test for capabilities

in a pressurized environment largely found necessary in this study.
because of difficulties in checking

such items as leak rate and wate._ Like the transfer, locomotion,

heat exchanger operation. Accordingly, and rescue experiment, the work
the test subject n_ist _ supplied by performance experiment options cad

umbilical from the spacecraft life be performed sLngly on separate

support systems; and EVA life support missions or all may be performed in

systems must be duplicated in the form a single mission. One advantage in
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FIG. 7 - ORBITAL WDRKSHOP EVA EXPERIMENT AREA - C_2k_RAL CONFIC_'RATION ._
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performing the test options separately hcmogeneous in terms of size, weight,
(in either experiment) is that baseline strength, and probably motor-response

data obtained from the first option will characteristics. Preferably, test

serve to verify the test method as well subjects who will pe-rlorm the i_-;rbit
, as provide early data correlation with experiments should be included _r:c.ne

ground simulators. The test procedures or more of these groups. Initielly,

_i of the following test options could be each member of each group will per-
_i_ modified as necessary, thereby enhanc- form a series of EVA tasks in the

ing the quality of the overall test pressurized shirtsle__ environment

data. This approach is considered to gain task proficiency. A minimum
advisable in that it will provide of five trials ppT task for each

higher confidence in training or subject is recommended. Subsequently,
evaluations using ground facilities to each of the groups will perform the

i simulate future EVA concepts, same set of experiment tasks in one
i of the ground sLT,_lators, performing

Simulation Program sufficient trials to re_ch a perform-i
• ance proficiency plateau in simula-
; The in-orbit experiment program is tion. It will not be necessary at

: only part of the c-Terall exp__rimental this time for each subject group to

i EVA program necessary to demonstrate perform the sin_lation trials in each

,: the required EVA capabilities and of the different types of simulators.
i equipment. One of the major purposes One subject group per si_/lation type
i of the proposed experimental EVA will be sufficient. With _ta from

, experiment is to determine the meta- the sin_lation program it will be

bolic energy costs of performing the possible to define the in-orbit experi-
EVA translation tasks. Because of the ment tasks in detail, estimate the.

complexity of some of t_hetasks and number of trials per task, select
Decay 3e of differences in test sub- experimePt subjects, _ define the

jects (i.e., size, strength, dexterity, sin_lation trainin 9 required for the
motor response, etc.), experimental in-orbit experiment, in addition,

test results from a number of differ- experiment equipmexh design data will
• ent test _ubjects will be required to be obtained from simulation; ar_ any

: obtain mL aningful experiment data. necessary modifications to equipment
• The bulk of .__hiswork involving a as well as experiment procedures can

large number of test hours can be be made prior to performing the _1-
most readily acccmplished in ground orbit experiment. With the flight

simulators. The in-orbit experimenf.s experiment defined in detail and
must be performed to demonstrate and sin_lation trainin 4 facilities

prove the basic EVA translati_ n tech- available, in-orbit ex_ariment train- j

niques developed in simulation and to ing can commence. Subsequent to
obtain experiment data which can be training, the flight test can take
correlated with grou_ simulators, place, followed by evaluation of

Accordingly, f/%epzr_0osed EVA e-q_eri- results from the total program -

ments are designed as part of an including simulation test results.
integrated experiment program utilizing After flight tests it may be_neces-

_ both simnlator and in-orbit experi- sary for some of the test subjects to

mental tests. Figure 8 indicates in repeat the experiment in' _n_lation

diagramatic form the scope of the over- to verify unexpected in-orbit test
all program. A minimun of four groups results.
of test subjects, five subjec_cs to a

group, will be required. The subjects To perform the experiment as out-

are to be homogeneous as between lined using all four 5-man groups

groups; that is, the subjects must be would require approximately 1200
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experiment hours. Even if the subject simulator will become ehe prime sin_-

groups were reduced to two and each lation device for this type of EVA
_roup contained no more than two men, acti,rity.

the time_required for the total in-
orblt experiment program run to the
desi:_ed number of trials would be RESULTS

approximately 480 elapse_ experiment

hours. An _-orbit experiment program In the approximately 1200 orbital
requiring 480 test hours _uld occtim/ experiments that were considered it
the _:Lter part of a 28-day manned was found that more than half had

orbital mission. Further, Jt is doubt- firm requirements for EVA support. A

ful _at four men will be available detailed systems analysis of a repre-

_or 3n-orbital experiment, at least in sentative group of exper_m_.ts
elsetimeframe of interest (1971-1974). occurring in the period of principal
It becnmes necessary to reduce the interest (1971-1974) reveeled the _.

nunt_ of subject groups to one, use need for a clear and definite under-

just t,.otest subjects, and carefully _tanding of EVA capability. This

select t/_ein-orbit experiment trials. _._lysis hi_hlighted much required !

By so doii:g, reducing the number of EVA ecfli[__nt development. Space-
in-orbit t_.sttrials to no more than _uits utilized by the astronauts

ten, and carefully selecting the faust be made much more mobile, and _

, astronaut test subjects (to represent dexterity capability must be' _ _---

a' the fifth t2n-cughninety-fifth anthro- increased. As the EVA astronaut is _.
pometric range) it is .possible to required to perform msne tasks in i

reduce the in-orbit experiment to 70 support of orbital experiments, he I
elapsed test h):irs. It should be will be required to spend more time :
recognized that th._£ 70 hours c_pre- in EVA. Astronaut endurance is a _ :

sent total test times. For many of the problem that n_st be solved to , :
. tests two as+_ron_ut tes_ .'.bjectswill maximize the tc _ful astronaut _rk

( be working concurrently with 0_ta time. Develop,east of suits should .:

! beirg taken on each. Therefore, the provide these capabi!ities, _ le _
I 70 hour total actually represents :educing _he weight and storage.

approximately 40 hour'sof elapsed volt_e requirements.
' mission time.%,
!

I_ Fc ZUp_Ort system weight and
Once a valid correlation has been size nT_t be reduced through ,better

I established between the in-orbit experi- packag.h%g techniques and use of

_ ment operations and simulator experi- advano_ technologies. System
i ment operation, much of the future EVA capacity should be somewhat increased

: tedmiques .development can be acccmp- for support of longer EVA's. Cargo
I lished in simulators without need for transfer ai_s ar; needed to allow the{ •
' verification of in-orbit experiments, astronaut t_ transfer large o_/i]x_en.

{, The EVA experimental program will modules from a _torage point to a

I require the ,useof several different worksite. Various design concepts _"

! types of simula_.ors; i.e., neutral are needed to fulfill the

i buoyancy, six degree-of-freedom (6 DOF), z_c@_irements of the different t_Feesof .'_ and KC-135. However, performance of loads to be transported. Powered

! : the transfer, locomotion, and rescue translation aids should be developed to

_xperiment required long experiment increase the effective range of the _._

I time continuity as well as the capa- astronaut. Mmnual translation is not
: _ bility for distance-translation practical in activities that require

i con;tinuity. Accordingly, it is antici- ir_q_cion of large vehicles. Astro- ,.

I _Datedthat the ne'._tralbuoyancy naut worksite restraint systems need
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i modification to minb_ize astronaut _he ca_ility required for support

; energy expended in attaching and of early orbital experiments.
"i " detaching the restraint system and in

_ repositior/ng at a given wor,_site. An
assor_nent of general astronaut tools

• should be developed to provide the

astronaut the capability to perform
' contingency modular maintenance.

Experimental data will be necessary
in the development of the required EVA

! equipment and in the verification ofI

astronaut techniques to effectively

utilize the equipment. TWo proposed

experimental E%q%programs therefore
areproposedto obtainthese data.

The flight portions of the proposed
experiments will be held to the mini-

t mum. Flight data will be collected to

demonstrate EVA techniques and to pro-
vide a basis for correlation of an

intensive ground simulation program.
It is anticipated that the flight

tests for both experiments can be
conducted in a total of 170 hours.

- CONCLUSIONS

_;lisstudy has shown that the use
of man h_ an extravehicular mode of

oFeration has a potential to support
scientific and technical orbital

__" i

Development of the r_oessary _
- equipment and techniques could ,Take
m

a cumpetitive operation for support of

orbital experiments in the following
areas: (i) increased life through
maintenance and repair, (2) increased

utilization through nL-_kdar replacement,
and (3) increased capability for data
retrieval.

Training and simulation programs i
also must be conducted in preparation

for EVA to gain experience and obtain

design data.

(bnduct of both proposed experi- !
maatal EVA _ will result in the

_arification of approximately 94% of
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EXTRAVEHICULAR MAINTENANCE:

APPLICATIONS, TECHNIQUES, TASKS AND TOOLS

Robert W. Tillotson

Supervisor of SystemsAvailability
andSupport Engineering

Technical ServicesDepartment
Textron's Ball Aerosystems Company +

P.O. Box 1,
Buffalo, New York

SUMMARY: This paper identifies those spacecraft subsystems to which EVM is applicable;
applicable EVM techniques; associatedEVM tasks and task times; and associatedtools. The

results reported are presented in tabular form and are directly applicable to a broad rangeof

future studies on the application of EVM to specific subsystems, vehicles or missions.The
supporting data (EVM time, tools _nd test equipment weight, power etc.) provides a basis
for making these future studies.

! INTRODUCTION ASSUMPTIONS AND TRADESTUDY

! GROUND RULES
++ The purpose of the study reported here was to

, identify those spacecraft subsystems to which Applications of EVM. A generalized spacecraft
} extravehicular maintenance (EVM) is applicable, the was assumed. In the 1968-1972 time period it appears

+ techniques associated with EVM, the tasks associated that such a spacecraft will employ ApolIo/LM/MOL
: with EVM, and the tools required to perform EVM. The state-of-the-art subsystems or minimum modifications

_! approach utilized in performing the study consisted of thereof.
i three interrelated substudies:

+! Maintenance Techniques. Seven general
i 1. EVM Applications/Techniques maintenance techniques were assumedto be applicable.i
i A complete discussionof these techniques isbeyond the
J 2. EVM Techniques/Tasks scope of this paper but equipment, time end logistics

aspectsof all of these techniquesare discussedin depth

i 3. EVM Tasks/Tools in Reference 1 and the advantagesand disadvantagesotFt

i the various techniques are covered in References 1 and
i A generalized approach was followed throughout 2.
! each of thesestudies in order to obtain resultswhich are

a range In addition to accessand time, considerations of
directly applicable to broad of future studies in

, the application of EVM to specificsubsystems,vehicles weight, cost and initial nonredundant system reliability

i or missions, are also important fzctors in recommending • specificmaintenance technique for a specific subsystem. A
: FUNCTIONAL AND DESIGN REQUIREMENTS comp=ison of the reliability improvement resulting

from maintenance (enclosed b_/ box) or
Specific functional and design requirements for nonmaintenance techniques, as • function of initial

EVM must be basedon the reliability requirements for reliability, is shown in Figure 1 (from Reference 3). It

specific spacecraft subsystem¢ These requirements are should also be noted that no one redundancy or

in turn based on mission successand crew safety maintenance technique is 100% applic_)le to any given
considerations. It is beyond the scope of the present subsystem, as illustrated by Figure 2 (from Reference

study to determine specific spacecraft reliability 4). It is beyond the scope of this study to investigate

requirements and, therefore, there are no specific maintenance level and test system tredeoffs for specific
functional and design requirements appiicab;e to this subsystems and the reader is referred to Reference 2 for
tradeoff study. It has been assumedthat all spacecraft" a detailed discussionof these factor&
subsystems are potential candidates for the application

of EVM. While it is recognized that EVM will require a • .

f.
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specific design for EVM (see Reference 4 for specific Maintenance Tools. In the area of maintenance

design considerations), it has been assumedthat EVM tools it appears that modified conventional tools

t tasks will parallel maintenance tasks currently (References 5 and 6) or special tools now being
i associated with ground and airborne systems, but developed (see References 7, 8 and 9) by the USAF and

require additional time and energy oxpenditure= due to NASA will satisfy all maintenance tool requirements in

i pressuresuit constraints and zero-g conditions, the time period under consideration. However, recent
0_m Gemini experience (Reference 10) indicates that

extensive investigation of maintenancerestraint systems

ojm will be required before EVM can become a reality.
S_me preliminary investigation._of theseproblems have

0Jm _F Io--_ been accomplished by Bell Aerosystems and others and©jm the reader is referred to Reference_ 11 and 12 for

o_ further discussion. It was assumedthat spacequalified

maintenance tools and restraint systemswill be available

i :_ in the 1968-1972 time period.
: o.=s[- IDENTIFICATION OF POSSIBLE

- o_oJ- DESIGN ALTERNATIVES

o_o Mair.tenance Techniques. Seven general maintenance

o.eo _ _ techniques were considered:

0.4o No,=k,,d,_ 1. Automatic monitoring and switching of
o_o built-in-redt_ndancy (BI R). This technique is

most applicable to inaccessible,time critical

o_ maintenanceactions.
_ol am alo 0.30 o_oo:o emoo_

I._R.I_0_W 2. Automatic monitoring and manual

Figure 1. (U) MissionSuccessProbability es a Function switchir_j _f built-in- redundancy. This
of Various Redundancy Techniques or Parts technique is most applicable to maintenance

Improvement Factors actions which have severe accessibility
constraint¢

OJIOT.

I_ / 3. Manual monitoring (using operational

uo _.=,=A,.=,=7 displays and controls) and manual switching
of built-in-redundancy. This technique

includes interchangingconnectors between

o_ black boxes or manually operating valves.
z_,.=,Ts etc., as we!l as actuating control panel j

switches. It is most applicable to non-time
¢_ critical maintenance actions where limited

| maintenance access and limited

t oJo (i.e., repair
maintenance time constraints

ZIR.o,=o times of lessthan five minutes) exist.

u0 __ ¢,=_ 4. Modular replacement of subsystem

components. This technique is most :
applicable to maintenance actions where

e.40 _ _ Ikmk_m _.e0,im
"_'_ ' _ T._. ° "*"" there are no ma,,_tenanceaccesslimitations '

_ "" and where repair times of one or two hours :
, , , ere permissible.

Figure 2. Contribution of Various Types of Redundancy 5. Bits and pieces repair. This technique is
to System Reliability most applicable to maintenance actions

1.5.2 I
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wher_ there are no maintenance access suit causes an additional 50 to 132% degradation

_' limitations and where repair time of many (References 6, 15, 16 and 77). An averagefactor of 2,8
hours arepermissible, was used in this study to transform from one-g,

shirtsleave to zero-g, pressuresuit c_nditions; i.e., zero-g

6. Component adjustment. This technique is pressuresuit time is equal to 2.8 times one-g, shirtsleeve
most applicable to analog subsystems time. It should be noted that this factor of 2.8 may be

subject to drift or subsystems employing somewhat conservativewith respect to the time period
fluids or gaseswhere optimum rerformance under consideration since increased suit mobility and

can be obtained by proper adjustment of improved cooling are anticipated with the introduction
flow rates. Limited access is required and of "hard suits" and water-coolad thermal systems.

repair times of greater than 5 minutes are

t. anticipated. Maintenance Tools. The n:aintenance tools
• i considered in this study fall into four _-neral categories:

7. No maintenar,_e. In any spacecraft design,
situations will occur which preclude 1. Standard test equipment including:

consideration of any of the maintenance "
• techniques considered above. In this case, a. Stimulus generators

parts improvement programs, active parallel
redundancy (i.e., load sharing), or other b. dc power supplies

techniques are the only feasible means of i
achieving specified reliability requirements, c. ac power supplies

Maintenance Tasks. As previously noted, it has d. Measurement equipment J.
I been assumed that EVM tasks will parallel those ii

currently being experienced with airborne systems 2. Special te_ equipment specific:'.llydesignec: j
under one<j conditions. Based on this assumption, for a given subsystem and ir._e_rating (he I

! Procedure I of MIL-HDBK-472 (Reference 13) has been functions (as requlrad) ,_utlined under
selected as a means of specifying space maintenance standard test equipmenL ;
tasks. Using this approach, all possible EVM tasks are i

i assumed to be described by one or more of the 53 3. Standard hand tools I

T

t "elemental maintenance activities" incorporated in six i
categories: 4. Special tools including: i

1. Pve.oaration a. Martin/Black & Decker

minimum-reaction tool
2. Malfunction Verification

b. Electron beamwelder
3 Fault Location

c. Wire VvTaptool, etc.
4. Part Procurement i

A complete breakdown of the tools considered isgiven _,

5. Repair in Table 5.

6. Final Test Maintenance Applicatie')s. As previoudy noted,
all systems and subsyster,,_ in both manned and

Elemental maintenance activities and associated unmanned spacecrafthave been assumedto be potential

mean activiP_times fur both one-g shirtsleaveand zero-g candidates for the application of one or more of the
•pressure suit conditions are shown in Table 2 Activity seven maintenance techniques considered, it has been

;

descriptions and one-g data were taken from Reference assumedthat the parent spacecraft will be manner; ='_ut
14 except as noted. A literature searchwas conducted that the remote vehicle can be manned or unmanned. If

to obtain the necessary factors to determine zero-g, the remote vehicle is manned, it is further assumedthat ,
pressuresuit maintenance times. Zero-g conditions have the same maintenance techniques, tasks and tool;

been shown to cause a 20 to 50% degradation in applicable to EVM of the parent vehicle are also

performance (References 6 and 15) while the pressure applicable to the remote manned vehicle. The

1,5._
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unmanned remote vehicle representsa specialcasesince these _ubsystems was further subdivided into its major
the design criteria for unmanned vehicles are components asshown in Table 2.

significantly different in many avees than those

employed for manned spacecraft. In particular, For each subsystem an investigation was
' maintenance acces_ may be severely constrained or undertaken to determine: (1) the applicability of EVM

nonexi_ent. The type of repair actions anticipated for to a given subsystemcomponent in both the par._ntand
unmanned vehicles can be hypothesized from a review remote spececrai't and (2) the applicability of one or

of unmanned spacecraftfailures. The resultsof one such more of the previously defined maintenance techniques
review are given in Table 1 (from Reference 18). to EVM c,f u giv'n subsystemcomponent. Four criteria

and two t¢'hniques were used in making these
DISCUSSION determinations. T,le criteria were:

Maintenance Applications/Techniques 1. Accessibihty considerations; i.e., withinthe
! Tradestudy. A generalized spacecraft was developed current and projected state-of-the-art would

° basedon ApolIo/LM/MOL technology. This generalized the component under consideration be
sr,ececraftconsistsof 16 major subsystemsand each of accessible from either the inside

i
i

TABLE 1

SUMMARY OF UNMANNED SPACECRAFT MALFUNCTIONS

SATELLITE LAUNCH DECAY MALFUNCTION NOTES
DATE DATE

1. Midas 2 5-2-60 A. Data Link Quit Second Day A. Still in orbit asof

2. Discoverer20 2-17-61 7-28-62 Programmer Failure, No 12-31-65

CapsuleEjection B. In-Jun functioned

3. Transit 3B/Lofti 1 2-21-61 3-30-61 SecondStage,Satellites until 3-6-63, Solrad

Failed to Separate until late 1961.

4. In-Jun 1/_dr_d 3 6-29-61 A.B. Failed to Separate C. Impacted on moon

5. Discoverer31 9-17-61 10-26-61 CapsuleSeparation Failed

6. Mides 4 10-21-61 A. Dipoles Failed to Disperse

7. Discoverer34 11.5-61 12-7-62 Maifcnction Prevented

CapsuleEjection

8. Traac 11-15-61 11-15-61 A. Gravity Gradient Experi-
ment Boom Failed to Extend

9. Transit 5A 12-16-62 A. Power Failure First Day

10. Syncom 1 2-14-63 A. Communication Lost at

Orbital Injection

11. ! Geophysical Research 6-28-63 A. Space GasExperiment

Satellite CeasedAfter 13 Orbits

12. Ranger 6 1-30-64 C. T.V. System Malfunctioned

13. Tiros 9 1-22-65 A. One Camera Operational

11_" Secor 2 3-11-65 A. Failed to Operate asPlanned• Secor 4 4-3-65 A. Failed to Operate asPlanned

16. Surcal (65B} 8-13-65 A. Failed to: Separate from

SecondStage; Deploy 200
ft. Antenna

1.5.4
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(pressurized or unpressurized sections) or prest re suit conditions are also presented, so that
outside of the spacer--aft;particularly with preliminary time estimates for EVM of any subsystem

respect to modular replacement, bits and component/maintenance technique combination
piecesreFair or compcnent adjustment, lderived from Table 2) can be generated by simple

summation of applicable elemental tasktimes. (Note: In
2. Repair time considerations; i.e., is the addition, suit don/doff and maintenance restra..;t

nature of the component unOer system attachment/detachment times must beaddedto
consideration such that immediate this sum to obtain total EVM block time.) The results

maintenance is required or can extended of this substudy aregiven in Table 3.

repair times be tolerated or delayed

maintenancebeperformed. Maintenance "asks/Tools Tradestudy. A
generalized _t of maintenance tasks, such as tightening,

3. Component state-of-the-art considerations; cutting, drilling, etc., was developed from a review of
i.e., does the current or projected the elemental activities listed in Table 3. A list of tools

state-of-the-art for the component permit required to perform these tasks was developed from a
modular replacement, component review of thc literature (References1, 5, 7, 8, 9,15,19

adjustment or bits and pieces repair or is a 20, 21, 26, 30 and 31). These two lists ware used to

standby redundancy approach feasiblewhen form the tredestudy matrix, Table 4, which identifies
the monitoring and switching requirements related tools and tasks. The characteristics of these tools
areconsidered, are given in Table 5, and the use-frequoocy data given I

are from Reference 33. i
4. Component reliability considerations; i.e.,

will the initial reliability of the component Figure 3 shows in-flight test system weight as a ;-
under consideration be such that one function ofthenumberoftestJmonitorpointsrequired.

maintenance technique will permit A complete descr:ption of these systemswill be found
achievement of anticipated reliability goals in References 2, 15 and 32. The data from Figure 3 _"

at negligible cost and weight penalties as were usedto obtain the weights given in Table 5 for test ,'

j opposed to large penalties for other systems.
techniques.

1 RESULTS AND CONCLUSIONS
The techniques employed were:

_, Table 6 presents a summary of the results of the

j 1. Reference to existing literature on previous three sub-tradestudies. It identifies the subsystemsand
l

I studies conducted by Bell and other system components to which EVA maintenance isaerospacecontractors (References 2, 3, 4, 5, applicable and the associated applicable maintenance

j and 18 for techniques, tasks and tools. Except for the launch
15, 29) recommended

• maintenance techniques, escape system, EVA maintenance is applicable to (at

i least some components within) all major spacecraft
! 2. Review of a draft of Table 2 by a panel of subsystems.

t i three senior Bell aerospace syste,Ts As previously noted, no one maintenance
" engineers with extensive Gemini, Apollo, technic;.,e is 100% applicable to a single subsystem, let

,' •; LM, Apollo X, AAP and MOL spacecraft alone all subsystems. This fact is verified by the
i j design and operational experience to "Applicable Maintenance Techniques" columns in Table

i determine the "face" validity of the original 6. With few exceptions, at least two and in most cases
(:eterminations. three or four of the six techniques considered are

" applicable to all subsystemsand subsystemcomponant¢
' i

; Maintenance Techniques/Tasks Tredestudy. The Where applicable maintenance techniques are limited to :

i technique employed in this substudy was a automatic monitoring (with either automatlc or manuel

straightforward comparison of a generalized set of switching), maintenance tasks are limited to

maintenance tasks against the previoudy defined preparation. Where switching of built-in-redundancy
technk_ues and then the identification of those tasks (BIR) is employed, part procurement and repair talks

associated with a given technique. Mean task identify are eliminated. The only techniques which require
those task_ associatedwith a given technique. Mean task consideration of ell six maintenance task categories are

activity tiff,as for both ona-g shirtsleeve and zero-g modular replacement and bits and pieces repair. Even . .

=
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Figure 3. In-Flight Test System Weight asa Function of Required Number of _estPoints

here, there ere concepts currently being studied fault isolation time reductions associated wiLh

(Reference 34) which would eliminate the parts integrating a_d/or automating the functions performed
procurement tzsk category as a requirement under the by standard test equipment. Unless specific weight (or
modular replacement technique, maintenance time) constraints can be identified, the ;

possible wei:jht reductions are directly dependent on

It appears that standard test equipment and hand the extent, frequency and level of maintenance
tools (suitably modified for operation under spaceand predicted for all subsystems. Thus, an extensive

pressure suit conditions) will find wide application in tredestudy is required to establish the requirement of a

support of EVA maintenance. Special tools such as the special test set for each specific program within the ,
"Space Power Tool" significantly enhance the framework of a fairly well defined set of mission

accomplishment Of EVA maintenance by increasingthe profiles ar_ missionequipment.
astronaut's ability to apply forces under zero1] and

pressure suit conditions. A recommendation for power

tools as opposed to hand tools depends on ACKNOWLEDGEMENT i
consideration of all possible applications within the "
framework of a specific 0nissionand set of mission This paper is based on an unclassified section of

equipments end thus cannot be made at this time. The AFAPL-TR-67.32, "A Study of a Dual Purpose
i development of special test equipment should be Maneuvering Unit (U)," which was prepared under

j approached with caution, since the principal contract AF33(615)-3529 £or the Air Force Aerojustification for such equipment lies in the weight end Propulsion Laboratory.

I
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TABLE 4

MAINTENANCE TASK/TOOLS TRADESTUDY MATRIX

: TASK

APPLICATION

MAINTENANCE c

TOOL
O

Stimulus Generator
IX: Power Supply
AC Power Supply
VTVM

Oscilloscope
Counter (Dkjital)

In-Flight Test Set
R.F. Fault isolation Unit
Ten_x_eture Test Set
Portable Leak Detector

Screwdmer Set

Adjustable Wrench x
Plie_ Set x
Hammer
Socket WrenchSet x

Flashlight
C_mpmg To_
C-Clamp
Mechanical Finger
Tweezers

Wire Stripper x
Pocket Knife x

!

Scnlber
PunchSet

;Hacksaw
ChiselSet

, Lubricant Dispenser
Machinist Ruler e

Shears.Metal Cutting
Tape Measure

Set
x

Open or Box Wrench Set x
Tube Bender

Inspection Mirror

Drill, Electric
Soldering Iron ix
Rivet Gun
Vacuum Cleaner

Wire Wrap Tool t + +
Electron Beam Welder IX
Zero-Reaction Space PowerTool tx

+

1.5.12

+

u HUlUNmln mm m ! ! m n • m m u u • LNn •

1971066602-633



I

n• m
-- mu u m 8

- • ma _ u | mmmml_mmm
immm_Im m m

1971066602-634



-- d

t

*1 I

I

I
1.5. 14 f

I ,
!
ii
t

i,
|

1971066602-635



-I

-. +,
11.

i_ xx xx x x x xx xxxx x xxxx xx xxxx xxx xx xxxxxx
t-

_ X X K X XX X X KX XXXX X XX XXXXXX
_ w

o

--_'_ XX XX X X X XX XXXX X XXXX XX XXXX XXX XX XXXXXX

X 6

E
I-
_ _ XX X X X X XX XXXX X XX XXXX X X XX XXXXXX

,- j¢r

_ XX X X X X XX XXXX X XX XXXX X X XX XXXXXX

i--

• -i I>- _ ==
: I_ _ _ XX X X X _" XX XXXX X XX _ I_X XXXX '_XX XX XXXXXX

m g_
UJ c •u u

_ XX X X X X XX XXXX X XX X XX XXXX XXX XX XXXXXX:

_ j--.

I--

" _) _ x x xx xxxx x xx x xxxx x_ xxxx

Z

I-- _ =- xx x x x xx x x
_ _,_ _ --_ ,

+ _ x x x xx XXXX X XX XXXX x Xx XXXXXX

i '"F-
_, Z i :o_

• _ xx x x x XX xx x x X_( x XX XX XXX XX XXX

_.

_'_I_ X X X XX XXXX X XXXX XX XXX XX XXX X

i _
• _lc x x x xx xx x x xx x xxx xx xxx x

I |"

i| ' -. z . o tP ,

tl i i!l - "-g' I ! - '
• _t. +
, +,°m'_+-__+",i } +• +: ,... : !+ " ++ ! +;+.-"+i|++-:+!._! i

--o6 z_- -- - 0. t
i,i ,It lid III r" • II i

1.5.15 i

,i,i

1971066602-636



|

I

I

i,
J
!

i! _ ..xXX X X XX XX XXX

' jt_ x xx x x xx _xx xxx _ )c x
z

|_ -_ _ _X X XX X XXX
1

1 x xx x xx x xxx x x -__IE

i,i'1 X XX X X XX XK XXX X X

j'

: I-- I!>
Z

! o
_ X KX X X XX XXX XXX X X X

nan

41_ x xx x XX X XX

!

r _Ji x x x xx x x x x x

_ X X XX X 8

;_ l.|Z_
x

1971066602-637



REFERENCES 11. Garrison, J.M., Advanced Tether Techniques

Concept, Study Report No. 323:06:0801-1:JMG,

1. Rigby, L.V., Cooper, J.I. and Spickland, W.A., Buffalo, N,Y., Bell Aerosystems,August 1966.
Guide To Integrated System Design for
Maintainability, ASD TR 61-424, 12. Sasaki, E.H., Feasibility of Using Handrails to

Wright-Patterson AFB, Ohio, October 1961, pp. Move Along A Surface While Weightless, I
3-39. AMRL.TR-65-152, Wright-Patterson AFB, Ohio, aLr

August 1965.

2. Tillotson, R.W., "Reliability and Maintainability
Tradeoffs _or a Manned Space Vehicle Flight 13. Maintainability Prediction Military

Control System," Paper presented at the Nat. Staqdardization Handbook, MIL-HDBK-472,
Conf. on Space Maintenance and Extravehicular Washington, D.C., Dept. of Defense, 24 May

Activities, Orlando, Fla., March 1966. 1966.
J

3. Tesch, E., Plaisted. R. and Pukite, J., Control 14. Von Alven, W.H. (Ed.), Reliability Engineering,
System Redundancy Mechanization Study, Englewood Cliffs, N.J., Prentice-Hall, 1964.
ASD-TDR-62.772, Wright- Patterson AFB, Ohio,
November1962. 15. Tillotson, R.W., Interim SCS In-Flight

Maintenance Analysis, Report A 64 760A14(2),

4. Tillotson, R.W., "Design For In-Flight Minneapolis, Minn., Honeywell, Inc. _'

Maintenance For Manned Space Missions," Paper t
914C presented at the SAE Nat. Aero. and Space 16. Bowoen, J.D., X-20A Full-Pressure Suit
EngineeringMeeting, Los Angeles, October 1964. Quantitative Performance, AMRL-TDR-64-36,

Wright-Patterson AFB, Ohio, May 1964.

5. Seale, L.M., Bailey, W.E. and Powe, W.E., Stud_____y
of Space Maintenance Techniques, 17. Simons, J.C.,Walk, D.E. andSears, C.W.,Mobility

ASD-TDR.62-931, Wright-Patterson AFB, Ohio, of Pressure-SuitedSubjects Under Weightless and ;
May 1963. Lunar Gravity Conditions, AMRL-TR-65-65,

Wright-Patt,-rson AFB, Ohio, August 196E. !

6. Seeman, J.S., Smith, F.H. and Mueller, D.D., A. '
Technique To Investigate Space Maintenance 18. Bresnick, A., Space Maintenance of Un-Manned
Tasks, AMRL-TR-66-32, Wright- Patterson AFB, Spacecraft, Bell Memo 323:0701 I:AB, Buffalo,

I Ohio, April 1966. N.Y., Bell Aerosystems, 1 July 1966.

7. H ibben, R.D., "USAF Studying Space Tool 19. No author designated, SuggestedMOL In-Space

"! : Development," Avia. Wk. and Space Tech., 13 Maintenance Experiments Definition, Report
l September65, pp. 58-79. 2-5800-15-38, Seattle, Wash., The Boeing Co.,
! Aero-Space Div., 13 November 1964.
|

_1 8. Holmes, A.E. and Hamilton, A.L., "A SpaceTool 20. No author designated, Handbook of Space

! _ Kit Development Program, "Proc. Nat. Conf. on Maintenance Design Criteria (Draft), Unpublished _
_ Space Maintenance and Extravehicular Activities, Report, Buffalo, N.Y., Bell Aerosystems.

i ! March 1966.
!
: 21. Smith, M., Manned Laboratory Vehicle!

: 9. Schollhammer, F.R., El_tron Beam Welding for Reliability/Maintainability Anr,lyds, Report No. .-I

• In-Space Assembly and Maintenance, Proc. Nat. 655D 261, Philadelphia, Pa., The General Electric

Conf. on Space Maint. and Extravehicular Co., Valley Forge Space Technolo,;v Canter, 19
Activities, March 1966. May 1965.

10, Bulban, E.J., "Gemini Pilots Cite EVA Training 22. Fistman, S.K., Current Concepts and Issues of

Needs," Aria. Wk. and Space Tech., 3 October In-Spaue Support, Space/Aeronautics R&D
1966. Handbook, 1964. i

I. 5.17

it

1971066602-638



23. Whitehead, C.T., Selection of Spares and 29. Santella, R.G., Checkout Procedure for Detecting

Redundancy for the Apollo Spacecraft, Critical Failu;es Using SCS Controls and Displays,
RM-4177-NASA, Santa Monica, Calif., RAND A 63 760A17(2), Minneapolis, Minn., Honeywell,

Corp., August 1964. Inc., Aero. Div 1963.

24. Griswold, J.W. and Schneider, R.C., Exploiting 30. Carter, J.W., "Crew Support Equipment,"

=, the Reliability- Maintenance Relationships for Handbook of Astronautical Engineering, New
Manned Missions of Extended Duration, Paper York, McGraw-Hill, 1961.

914D, SAE Nat. Aero. and Space Engineering

i Meeting. Los Angeles,October 1964. 31. Sommer, W.G. and Rosa, W.A., "Remote and
; In-Mission Maintenance," Prec. IAS Conf. on
!
j 25. Smith, M., The Effect of In-Flight Repair on the AerospaceSupport and Operations, Orlando, Fla.,
l Reliability and Weight of the LEM Navigation & December 1961.

Guidance Function, Bethpage, L.I., N.Y.,
Grumman Aircraft Engineering Corp., October 32. Pedigo, W.R., In-Flight Test System Operational
1963. Concept and Design Philosophy, IOL

45-030-63-148, Downey, Calif., NAA S&ID,

26. Peters, G.A., Mitchell, C.A. and Smith, F.H., August 1963.

Space Maintenance Preliminary Study, ROM
2181-1004, CanogaPark, Calif., Rocketdyne, July 33. McKendry, J.M. et al., Maintainability Handbook
1962. for Electronic Equipment Design,

NAVTRADEVCEN 330-1-4, Port Washington,

27. North American Aviation, Inc., A;_t:,, _r;-Fi_:;t,t N.Y., NAVTRADEVCEN, April 1960.
Maintenance Concept. SID _3-32_, Downey,

Calif., NAA S&ID, April 1063. 34. Shapiro, G. e¢ al., "Project FIST: Fault Isolation
by Semi- _utomatic Techniques," IEEE Spectrum,

28. Lindguist, O.H., Tillotson, R.W. and Lanning, August ::nd September 1964.
D.L., Preliminary SCS In-Flif_ht Maintenance

Analysis Study, A 63 760A14(1), Minneapolis,

i Minn., Honeywell, Inc,, Aero. Div., March 1963.

!

I

!
I

I

1.5.18

t-ml am

1971066602-639



ADVANCED SPACECRAFT SYSTEMS IN-FLIGHT DEPENDABILITY

S. S. Calderon

Douglas Aircraft Company
Advance Systems and Technology

Huntington Beach, California

SUMMARY: This paper discusses design aw,- ._,'kes, philosophies,
and data that were devetoped for long-term n,_:-._ ,.' missions of 1 to

; 5 years. In-flight dependability is defined a o oavir.g been achieved
' when the resources, methods, and design pro_,zsions are available

to restore spacecraft oper _ions after failures, thus extending the
spacecraft's reliability life. The design philos:_phy embodies the
concept of providing on-board resources and utilizing man's poten- '

_ tial to restore the spacecraft. Emphasis is on methods to restore
the spacecraft in flight after fai!ure lunscheduled maintenance}, _"
although preventive (scheduled) effort is also necessary. Tradeoffs
are conducted on design options available for system reliability.
Finally, the design options that make possible in-flight restoration

) are applied to typical subsystems (el-.ctric power, environmental

I control and life support (EC/LS), etc.) of a spacecraft.
t

_i The parameters that constitute the capability to restore the space- _,
: craft in light are considered in each baseline design. These para- :

i meters are diagnosis and fault isolation, accessibility, provisions :
i of spares and repair tools, and training of crew. Mission success _'

I is greatly improved with a design cape.bility to restore spacecraft ..

I in flight when failures occur. !

i '
t INTRODUCTION Mars flyby. The 90-day Apollo .: . :_'

' Mission has an unacceptable relia- i " -_

_ The magnitude of the reliability bility hmitation of 0.58, based on i
problem for spacecraft:'.'- is illustrated existing technology capability. The i I_';

, _ by examining existing technology in Mars 2-year flyby has an unaccept- ,i
'i _ the contex_ of future mzssion times of able reliability of 0.0006. As the _ ..

[ _ 90 days to 2 years (see Figure 1). mission time is increased from ;_ -.
Short-t(._m missions, the 24-hour

i _ Mercury and the 200-hour Apollo _a_ i" :Lunar Lander, approach the mission _saYB._:z_s. Rtt,,,s,t,r,_o0_ I[° ' :.
| , 3

-_t requirement of O. 95. - ,3_ _,ss_ I
_" RrQ_dIt_Nl,[ :

II ..._VINU$ fLYbY l YIAR R[LIAIIILITY(_J 0.95 _ O :

However, this requirement for _ I
mission reliaL:lity is not met when _ ! A_Lt0._P. _YS_LIA_ILITv0.58] 0

mission times are increased for the _o., '_
90-day Apollo Applications, the _e3 ,_ :_

Venus 1-year fly by, and the 2-year "_ i
0.1" , APOLtO tUI'/A__'a,,'-rD;_"_"_. '_ _'_"_'.,._ _ _ ," - "

"-:'In this paper, spacecraft is the crew _._:-- _,sc.,_g,ot,_s _tt_*_tl;v_ ....
" iferry or logistics module, which is ?', _ £_ _'_ o's _% _Y'-_, _, ,.0 ;

recoverable and the space station is _ssm_o_,e.._o_succtss . "'_._

the orbiting laboratory (not Figure 1. Spnce-MizsionReliabilityRequirementz ,;_. ."
recoverable), andTechnologyEstimates ":; :_

. . .-.._:_W===,

i....
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90 days to 2 years, a tremendous As described in later sections.

disparity occurs between the technol- high levels of success for space
ogy limitations and the mission suc- missions o: 1 to 5 years are indi-

! cess requirement of 0.95. cated for a design that possesses a
c_tpability to restore the spacec aft ,

The unacceptable values shown after in-flight failures.
, by Figure 1 for each mission take
, into account the extent of redundancy

in the baseline design, e.g., two DESIGN CONSIDERATIONS OF A
power supplies (solar cells for pri- MANNED SPACE MISSION
mary and batteries for backup) and

J extensive part redundancy within each Major design considerations
subsystem. Therefore, major that are applicable to a manned

,

: improvements in design and technol- space mission are listed in Table I.
ogy are necessary to increase mis- These considerations become criti-

sion success to acceptable levels, cal design constraints dr:ring various
phases of the mission. Each sub-

Design options available to system of the spacecraft should be
increase system reliability have been analyzed to check its comFatibil:.ty
investigated. The two most promis- with its capability for repair, mis-

, ing approaches are (I) active redun- sion phases, severity and time
d_ncy with restoration_ features and limits of malfunctions, availability
(2) standby redundancy v, ith restora- of crew, and other resources.
tion features. Active redundancy (for

e_:ample, the electric power source) A timeline analysis should be
is essential when the _unction allows made of each subsystem for the
"*o downtime. Standby redundancy entire mission profile. A first
applies when the inherent downtime is iteration timeline analysis is neces-
adequate to allow the crew to react sary early in the design phase t_)
and switch. However, the above two uncover potential problems in suffi-
design options are not always the best cient time to make a workable solu-

: approach, lion possible.

This study was subject to the

following constraints: (1) existing or Tabl_ 1
' near-term technology, (2) a 1-year

space station v:itha 0.95 mission DESIGN CO_'_STI_AINTS OF

success, (3) reliability data from MANNED MISSIONS
; such short-terr_ missions as the

20D-hour Apollo, the manned orbiting J
research laboratory, the AAP Work- I. Identify functions critical to
shop, anc I other programs, crew safety and mission

completion.

2. Determine tne tlme allowed to
• The terms, "restore" and "repair" restore malfunctions.

are used interchangeably; actually,

"repair" denotes physical work on _. Assess reaction of crew to
the components of a subsystem, restore malfunctions.
while "restore" encompasses the

repair function plus any other means 4. Identify ,:ritical maneuvers _.hat
of reinstating the failed operation inhibit movement of crew
such as activation of standby or (powered maneuvers, rendez-

backup modes, ous a orbital cl',anges, others},

I | | | | i n NILkmuamlnNImglpl _ _ n . _ • in
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Design Approaches 2. Whether the failure affects
crew, mission, degradation,

The selection of a design or experiment functions.

approach is influenced by the follow- 3. The time the function can

ing co:_siderations: remain inoperative without
jeopardizing crew or

1. :riti_ality of the component, mission.
assembly, or subsystem to
the mission. 4. Whether protection from

failure potential is needed2. The inherent downtime to
in the form of redundant

restore the function as pP.-
mitted by the subsysterr, circuits, backup modes, or

spares.

The first provision demands a In addition, the reliability analy-high probability of functional success, _

i.e.. a reliability margin for allreal- sis must detect failures with poten-
functions that affect the safety of the tial to cause single, catastrophic
crew or the ability to continue the loss of crew or mission. This type
mission. To this end, the study indi- of failure generally provides little

or no response time or may becated that all subsystems of a long-
term space station, i. e electric caused by an uncontrolled reaction

"' (examples are fire, explosions,
. power, stability and control, EC/LS, tank ruptures). In some mission ,-

and others, ultimately become flight-
: critical in various phases of the phases, the time to restore a i

mission, spacecraft function allows little or
no downtime, as indicated b-_Iow

: under "Illustration. " Also, some
• The second provision requires functions, such as electric power
; that crew-safety items be capable of
; and oxygen supplies, require a
; being immediately restored to opera-
; capability to maintain operation
i tion with either active or standby continuously. The most recent ; _redundant modes or, in limited cases,
I estimates of the time required towith functional backup modes. This

also assumes that the space station restore the subsystems is given by
, has a capability for diagnosis and Table 2. Notice that the average
I isolation of malfunctions, time to restore the subsystems is •
: _ greater than the anticipated time

i _ Allowable and Estimated Times to tile functions can remain inopera-
Restore tire. Data management, for :

! example, is the least critical; how- .;

i { The concern in a space station is ever, in some mission phases the i
i i for a capability that restores rnalfuv..c- mission objecti_es for data may not

tioning hardware to a satisfactory be compatible with a downtime of !401 min. It matters little that the
" ." level within time constraints set by
: _ safety and mission requirements. A average daily maintenance is Very !

| ;--.:-.,.'..2.;i_. -.'"y anaiysis will provide Low if, when maintenance action is ,_
knowledge of the failures and desired required: there is not sufficient

• courses of action. This analysis time available to perform it. i
! l-

must respond to the following- Illustration ]

I, Whether the function will The propuizion, navigation, and i
stop as a result of failure, electrical subsystems illustrate the _

H, 4.3

i "
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" Table 2

UNSCHEDULED REPAIR REQUIREMENTS
SPACE STATION SUBSYSTEMS -_

Mean Days
Between Average Average

Subsystem Failures Min. / Task Mln. / Day

.' Life Support 15 141 9.4

Communications 97 95 1.0

Data Management 110 401 3.6

Electric Power 500 Z84 0.6

Stability and Control 45 129 Z. 9

(Other Equipment) 4. 1

Zl. 6/day

*From Reference I.

urgency of these design considerations. The characteri._tics of these
Analysis of the electrical power sup- options are described below, as they
ply indicates little or no downtime apply to a manned space mission of
because of several critical functions,
such as control electronics and emer- Table 3

gency lights. Therefore, a secondary DESIGN OPTIONS TO INCREASE
source of power with automatic trans-

fer is necessary. Similarly, during SYSTEM EFFECTIVENESS

powered maneuvers, the propulsion
and navigation designs required a

backup or redundant mode because the I. Single-thread design without
maneuver is critical and the crew is repair. J

immouile (strapped to couches).
2. Single-thread design with repair.

DESIGN OPTIONS FOR IMPROVING 3. Redundancy (one or more) with-
EFFECTIVENESS out repair.

• The design options available to 4. Redundancy with repair.
the design technologies to improve

5. Majority voting.the effectiveness of the system are
listed in Table 3. The problem for a
designer, then, is to select the most 6. Special cases: Altsrnate equip- ,
efficient option for his design, ment; functional modes.

t

II. 4.4

i _ _ a in m

1971066602-643



long duration. The purpose of these that can be suspended when the
design options is to enhance reliabil- equipment is undergoing recalibra-
ity and assist designers m performlxg tion or repair.
tradeo:fs for the best approach, con-
sistent witi_ Lhe n-+_ssion environments

and objectives. Active Redundancy (One or More)
Without Repair

Single Thread With_at Repair The active parallel or redun-
dancy without repair design (5 "g-

With a few exceptions, the single- ure Z) has several disadvantages:
thread without repair design (Figure Z)
,c: not useful for a space rr:issiou, sire- 1. It uses too many elements to
ply because it is too vulnerable to increase the reliability required
failure. In complex equipment, such for a long space mission.
as life support {mechanical) or com-
munications .electronic), this approach 2. In the active phase, the redun- i
is subjec, to an unacceptable failure dant elements are using up their

design life. As shown in later
potential, sections, the design life of many +

components is critical, e.g.,
pumps and control mocr.,.,.t gyro

, Single Thread With Repair; as semblies.

The .;ingle-thread with repair 3. Electrical or plumbing lines of
design has the advantages of weight, either liquids or gases use up
volume, and cost. However, it is too much volume and weight,

: incompatible with the downtimes and increase complexity and
• allowed by most functions of the space- degree of checkout to support the

i _ craft. The reaction time allowed by elements in active redundancy.
failure of most space:raft functions

I is such that the eingle thread would Therefore, for a long space
; mission, the active redundancy

not yield sufficient time for the crew
i to react and restore the function. For without repair is not very useful -_-and efficient.

this r_ason, this design option is notr

i _ very useful for the spacecraft. Pre-; liminary analyses also indicate this Active Redundancy With Repair
i ; option is compatible and a good candi-
i _ date for experiments, such as those The active redundancy with

! _ repair design (Figure 2) is very

. useful for many functions in a space-

! _ craft. It is of special interest for •

! I -_:_---_ _ functions thatallowlittleornodown-• s,_._o.,,_c_,u_,_ S,,_mMAO_.,m_M,. time. For instance, the EC/LS and

electrical power subsystems require

_ active redundancy because the func-

tion has to be restored almost

immediately. Another advantage of
i i I i

t[-_=]) t.[_J the active redundancy with repair isthe ability to operate either out ofACIIVI[ IPARALL[L) Ill OIJIIO&hlCY_..om,tm.m Ac1_.tm,mA.C+-mvxap.,, the primary loop, the secondary
loop, or perhaps the third loop,

Figure2. DesignOptioasto IncrodseSystemReliability while at the same time allowing

Q
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repair of either of the loops. There- components with limited design life.
fore, the active redundancy with It also has the flexibility of operat-
repair is one of the most promising ing from either the pr,mary or
design approaches for a spacecraft on standby loops and at the same time
a long-term mission, permits repair and checkout of the

: remaining loops.

Standby Redundancy Without Repair

Majority Voting

The standby redundancy without

repair design {Figure 3) has an advan- Douglas evaluated the majority-
tage in that the standby element are voting approach {Figure 3) for sev-
not consuming their design life. How- erat space and Earthbound functions.

ever, the disadvantage of this design _l'hisdesign approach, for example,
option is the increased loads and corn- is useful and efficient for sensors

plexity from plumbing and electrical and related circuits of critical para-
lines and switches to support and acti- meters (or measurements) of a

rate the standby elements as the oper- space mission. Critical parameters

_t=u_ loops begin to fail. This design are confronted by interacting relia-
approach exceeds the volume and bihty and safety constraints:
weight capacities, even though itcon-

s_rves the design lifeof the standby I. A high level of reliabilityto
elements, ensure that the crew is

informed of any malfunction.

Standby Redundancy With Repair 2. A capability to verify the
integrity of the signal or
alert condition to preventStandby redundancy with repair

design (Figure 3) is very promising a premature abort or loss
for a long-term space mission. It is of mission objectives.

compatible with spacecraft functions 3. A very limited reaction time
that allow a nominal amount of down- allowed by _ critical para-
time: greater than Z to 5 rain. There- meter _or the crew to make
fore, it enables the crew to be a decision.

informed of the failure so they can
transfer the function to the standby A majority-voting approach
elernent. This option conserves the (normally three elements) has the

advantage of yielding high-reliability
levels and also the inherent capabil-

_ _ ity to isolate erroneous signals.__ __]_ Alternate or Backup Modes
SIANNY I_lllG,_ NCY SIA_m_YREOUNGENCYWI/N R[PAIR

_,,n_uM,- Alternate equipment or backup
_--_s--_ : modes should be evaluated early in

analysis and systems analysis. This
approach is a good means to improve
mission success. In this study, an
emergency detector continuously

sAc_prt_0_tu0_s _,rfv0v,_ monitors critical mission parameters.
Figure3. Design Options to Increase System Relmbility {See Figure 3. ) In addition, the

II.4. 6
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on-board computer can check out all the PARAMETERS OF IN- FLIGHT
subsystems, hence, criticalparame- REPAIR
ters, on demand by the crew. In
this functional mode, the emergency The capability to restore the
detector is supported by the computer, spacecraft during flight consists of

the four parameters listed in
Table 4. These parameters identify

Design Tradeoffs the type of resources, such as spares
stock, tools, and crew time that

Each subsystem requires an indi- will be required. Collectively they
vidual analysis for tradeoffs that con- respond to the question, "Can the
sider restoration by the options listed crew restore the spacecraft during
above: redundancy, backup modes, flight and how much does it cost? "

and spares. No single design approach Table 4
is best or even compatible for all the
subsystems of a space station. IN-FLIGHT DEPENDABILITY

PARAMETERS

Diagnosis and Fault Isolation
The two most flexible design

, options for a space station are the 1. Emergency detection unit. ,
' active 1 edundancy with repair and the 2. On-board computer checkout.

i standby redundancy with repair. These 3. Inputs fr:_m analyses: safety I
two options satisfy two recurring and abort, failure modes,

; demands of a space station design: syster, m design.

• (I) criticality of the de,.,ign in meet- Accessibil;ty
! ! ing crew safety and mission objec-
: tires and (2) large failure potential 1 To see and inspect.
' resuiting from complexity of design 2. For electrical/fluid test
i _ and, therefore, a demand for a caps- points.

i _ bility to restore the function within 3. Clearance for tools and test
i narrow time limits, equipment.

, : 4. Clearance to remove and

_ Redundancy and backup modes replace failed parts.
! _ are not always needed. As an 5. Spacesuit access: EVA,
i i example, the structure subsystem unpressurized areas, pres-
i ! does not have a redundant shell but sure ceils.

i _ does have a meteoroid bumper. How- Provision of Spares and Repair
i i ever, on a recent space-station Tools , :

design effort, a spares kit was added
to account for the two expected con- 1. Existing deficiencies: depie- r

tingencies that require restoration: spares,
tion of unused stock,

I meteoroid penetrations and gas pres- 2. Weight constraints. Isure leaks. The kit contains wall 3. Improvements by reliability i

patches, door seals, extravehicular data and computer programs, i
! _ ac,ivity (EVA) exit seals, and docking Training of Crew for Proficiency of i

seals. Airlock doors and EC/LS Repairs i

provisions were also added to convertthe structure into three pressurized I. Diagnosis/fault isolation cs l[

compartments in an emergency, level of crew skills, i"Design provisions for access and 80 Ib 2. Trend of increasing complex-
of spares kits increase the structure ity and sophistication. {
reliability from 0. 969 to O. 999 for a 3. Skills: nominal, average, i
1-year mission, critical. !

I
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i Diagnos;.sand Fault Isolation cases, the obstructions can be
; eliminated by repackaging.
i A combination of two approaches
i is recommended to resolve this Repairs that require the crew

parameter adequately. First, an to wear a space suit should be mini-
emergency-detector unit is p.eeded to mized because of the difficulty and
continuously monitor those critical expense, in terms of crew resources
parameters that are vital to crew and equipment. Of course, such
safety or continuation of the mission, repairs must be considered for oper-
Second, a modification to the on-board ations outside the pressurized corn-
computer is required to ch'.ck out the partments and for contingencies
equipment upon demand by the crew occurring inside the pressurized
(or automatic sequence). The. on-board compartments. However, if the
computer, therefore, _vill provide a EC/LS subsystem is accessible with
check of readin,'s that could become a space suit and has the first prior-
critical. It wilt also diagnose _nd ity for repair, o her equipment can
isolate failures for the crew to repair, be restored in a shirtsleeve environ-

ment. This is important because
Also indicatedunder thisparameter repair on complex electronic equip-
are the types of analysis that will pro- ment while wearing a space suit is
vide design criteria for the emergency- difficult, if not impossible.
detector unit and the diagnosis and
isolation function of the on-board com-

puter. For example, a mission- Provision of Spares and Repair
hazard analysis should be conducted, and Repair Tools
as indicated by Table 5, for four typ-
ical mission hazards. This analysis A review was conducted of spare-
wilt identify hazards that may be part efforts for previous projects.
encountered by the crew throughout In the past, spare-part efforts have
the mission. These hazards, there- suffered from a common problem:
fore, will yield the parameters that depletion of the needed spare while
must be monitored by the ernergency- inundated with tons of unneeded
detector unit to inform the crew of sto_:k. Fortunately, both the relia-
potential hazards and allow them the bitity and logistics technologies
time required to initiate corrective recently made significant improve-
action. It will also establish other ments in determination of correct

less sensitive parameters, that influ- spares. Several computer programs
ence the logic of the computer and hand analysis techniques have
checkout, been developed for spares. A hand

analysis approach was used to deter-
mine the spares, as described below,

Accessibility under "Sparing Logic, Decision
Process. " A maintenance study 2 of

Five access requirements are an Earthbound radar system itlus-
listedin Table 4. These require- trates the magnitude of the spares
ments are necessary for in-flight and maintenance problem (Table 6).
restoration and will also improve the The average totaltime for the radar
efficiencyof checkout during Earth- repair is unacceptable for a space
bound and launch-pad activities. A mission.
major pr3blem with existingdesigns
is the inabilityto restore spacecraft The improvements in determin-
because of obstructions. In most ati_n of spares have resulted from

H. 4.8
|
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Table 6 spares will be used, and so forth

, AVERAGE REPAIR TIME for other missions. Therefore, the
RADAR SYSTEM, AN/APS-20 E higher probabil_ty or levels oi spares

i (time in hours) increases the availability of spares
_. as uncontrolled cr probable failures

occur in a given mission.

Mean actual repair time 2.5
The cost in spares and tools to

Mean actual man-hours 4.5 support the overall mission success
is not prohibitive (see tabular data
under "Space- Station SystemMean administrative time 43.9
Analysis"). In this study, the

Mean logistics time 75.6 spares and tools required for a
1-year space mission are 2, 822 lb,
which is approximately 6% of the
baseline space-station weight ofbetter engineering and reliability data

of components and analysis of total 47, 700 lb.
systems. Component data, for
example, have provided the failure
potential of a given component for the Training of Crew for Proficiency
total mission based on the failure of Repairs

rates, environments, and operating In this parameter, there are
stresses. Effectiveness of total sys- interacting design provisions andterns, in turn, has identified those

designs or components _hat are criti- cost and crew considerations. First,
if it is assumed that the crew is

cal to maintain the spacecraft func-

tioning for both crew safety and well-trained, the amount of equip-
primary mission objectives. There- ment for diagnosis and fault isola-

fore, the critical components receive tion can be reduced. However, an
an adequate share of the limited opposing interaction is that the

trend of spacecraft design is forresources, (e.g., weight, volume,
cost of a spacecraft) and, hence, increasing comptexlty and sophisti-

cation that soon begins to over-increase the probability of mission
survival, burden and overtax the capability of

the crew. Therefore, the problem

Some departure from previous is to strike a good balance between
trial and error programs should be the training imposed on the crew

considered for a space mission. For and the amount of diagnosis and
fault isolation. The objective is to ,instance, in Earthbound projects a

tendency has existed to balance the provide an investment of resources
number of spares stocked against that will enable the crew to operate
those used for a given task (mission). the space station and enable them

to cope with the repair problems.However, given a space mission suc-
: cess of O. 95 and an analysis of criti-

: cal components, the computer or hand Man's ability to decrease the
: analysis technique will stock the corn- time for repair is considered in the

ponents required to support the over- following discussion in terms of its

all O. 95. The laws of probability impact on mission design objectivee.
dictate that in any one mission, only Briefly stated, man has the ability

a portion (10% to 12%) I,3 of the to learn and this learning process,
on-board spares will be used. How- commonly referred to as a "learn-

ever, on the succeeding mission, a ing curve, ,Tis a property that

different portion of the on-board applies to all situations involving

: II. 4. I0
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man. This human ability to learn can be useful to compensate for (1)
results in progressive decreases in increasing work that may result from
performance times for iterative "wear and tear" of equipment, (2) crew
tasks 4. resources demands for experimei_ts,

and (3} unexpected contingencies.
This implies that the crew will

decrease the time required to restore Estimates 3 of the crew resources
the spacecraft after malfunctions, as required for Earth-orbiting stations
a function of time and experience are given by Figure 4 and Table 7.
with the equipment. The learning The time shownby Table 7, 4. 71 man- ,
process will start during Earthbound hours/day, is about equally divided
checkout and training, and will con- between station operations and
tinue throughout the flight regimeb, scheduled and unscheduled mainte-

It is not likely that crew reac_mn nance. For an Earth-orbiting sta-
time will be decreased to the point tion, approximately 23 rain. /day of
that the design can be redl_ced to a unscheduled (2'able 2) and 133 man-
single-thread design or be vulnerable min./day scheduled maintenance,
to "single-point failures. " The for a total of 2.6 man-hours are
response to counter critical failures estinlated by the Boeing study 1.
must be so rapid generaUy that i_ This correlates quite well with the E
presents a too-severe requirement _._.3 man-hours/day estimated by
even under more benign Earth environ- Douglas for scheduled and unsched-
ment. However, the learning process uled (failure) maintenance. _

240 [
ENGRG AND SCI EXP
I I i j

10% CONTINGENCY FACTOR _.s
200 I I I

I BEHAVIORAL EXP .._ \
I J IBIOMEDICAL EXP AND PHYSICAL FITNESS L/_ -_

I I ] I ._-'F \ _ ..

,_ 160 I___ REST AND RECREATION.-..-_-\[ _ x f/

I
, n: FOOD PREP., xO_, \.,._ \ _

120 PERSONAL HYGIENE 2_ ___._
--r/'illi_l_.1, /-_IMI,,/ ---- IJl_"--_ " --

=,

0
1 2 3 4 5 6 7 8 9

CREW SIZE

Figure4. Manned0rhitingResearchLaboratory(MORL) IIA- Typical
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i Table 7

MAINTENANCE AND CHECKOUT TIME MORI,-llA SPACE STATION

Average
Subsystem Man- Hours / Day

On-board test and maintenance 0.21

: Ferry-resupply craft and cargo
module 0.36

• _ Stabilization and control 0.71

Propul,_ ,on 0. 14

Structural and mechanical 0.86

Communication and telemet_'y 0. 71

Electric power 0.36
m,

EC/LS 1.36

Total 4. 71

r The training and skills of the suvport the 0.95 reliability for the
crew should be directed to the follow- space station.
lug tasks: (1) to assist in developing

and validating the diagnosis technique_ Reliability and safety margins
(2) to test and improve the manual of design are provided for compo-

! techniques (nonautomatic) for restora- nents whose failure would cause the

tion of the spacecraft after failures subsystems to become inoperative.
have occurred, (3) to test the automa- The design requirements are pro-
tic or semi-automatic functions of vided by redundant or backup equip-
redundant and backup modes for time- ment modes. For example, the
critical failures, and (4) to assist in oxygen and water sources were
updating the analytical values for designed for multiple tanks with
aIlowable downtime and maximum independent flow from each tank.
time to restore spacecraft failures.

In addition, spares are orovided
for components that have r_liability

SPARING LOGIC weaknesses as indicated by Iimita-
(DECISION PROCESS) tions of existing technology: failure

rates, ,:]esign life limits, and mis-
Each subsystem must be pro- sion stresses.

vided with sufficient spares to reach

a nominal level of 0.99 reliability for The space-station subsystems
a 1-year mission. This exacting must fulfill inLeracting requirements
requirement was necessary to that include maintenance of operation

II. 4. 12
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upon failure, repairability, and where

accessibility. This design approach n = ,mmber of spares of an
is compatible with the sparing scheme individual as,_embly or
described below. Two distinct relia- component.
bility problems must be accounted for
in sparing for long-term missions: R : reliability of an assembly -

or component required for

1. Sp._res for constant failure a 1-year mission, normally
rate or exponential failure. 0. 9999 or higher.

2. Spares for components w.th x = {failure rate) {mission time).
limited design life or "wear- -x m
out" failures, e = reliability of basel_ne assem-

bly or component•

-X

Spares for Constant Rate xe : first spare land so forth,
for other spares).

Individual a s s emblie s need high As sumptions that have been applied
levels of reliability to support the are as follows: ,"
nominal 0.99 requirement for the sub-
system. For most assen-lblies or 1. Components must he of
c_T_ponents, a spares stock to support equal reliability or failure _'-
a 0. 9999 or greater value was found rate {k).
to be adequate. This value, for each
of 100 =omponents or assemblies in 2. The failure rate of spares
a subsystem design will yield the in the storage phase ie
nominal 0. q9. assumed to be zero. Actu-

ally, the most recent
_Fhis type of individual spare re._earch into storage and %

, was determined by hand analysis an,_ dormant phases indicates

I with the constraints listed below: a modest failure rate. These .
phases have a nominal fail-

1 - {x) n + 1 e-X ure rate equal to 1% to 5%
1 RO-N : of the active phase. How-l :
! N'. ever, the storage failure
! ; rate is more sovere for a _-

approximation* assumes specific
This few classes of

' that the sum of the converging series components such as hyeirau-

of terms for whi'h are not lic _ystems, accumulators,
spares

provided is approximately equal to the seals subject to an in_.ctive ":
! la:'gest term in the series, i.e., set, or deterioration.

. n + 1 spares.
! The nominal storage failure :
[ or -x -x 2 -x, R = e + xe +x e rate does not become critical in
I 2'. extending the reliability life of a

•i 3 -x n -x design. The approach taken to L
! + x e + . ..x_ reduce the impact of this problem

3_ n'. was:

1. Evaluation of components to , : _
::'Based on a conversatiou on pragmatic ensure that their inherent

applications of mathematics _o effec- reliability is not adversely
• tiveness with D.J. Davis, Douglas reduced.|uring storage ':

Aircraft Company. phases.

1I. 4, 13
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2. Design precautions to ensure sufficient spares for 8, 720 hours or
that _he storage phases plus a 1-year mission.
the mission time do not

exceed or approach the SUBSYSTEM IMPROVEMENT--

i design lilt of components. LiFE SUPPORT
i For this study, the storage

phase could be up to 1-year The water-management subgroup
in flightplus additional of the life-support subsystem reviews

! Earthbound phases, the apphcatton ot the resources and
, design approaches described in the
i 3. Accounting for storage or above sections. These design

dormant rate in the deter- approaches are intended to increase
i min_,tion of final quantities the reliability life of a long-term
! of spares, space station.

The nonredundc, nt design had a
Spares for Wearout reliability of 0. 420 based on a 1-year

mission (Figure 5). Because the
The problem of wearout, not entire life support subsystem has a

encountered till now because r:-Ay requirement of at least 0.99. the

short-term missions of days orhours 0. 420 for a subgroup was unaccept-
were conducted so far, is being met able. The next iteration was a
for the first time in 1-trearmissions. redundant approach. But with
The spares load from wearout was redundancy of the critical loops, the
greater than the spares load for the design increases to only 0. 550. In

! constant failure rate. Therefore, the complex space-station designs, the
wearout is the prevailing reliability yields from redundancy are not as

: problem for ex.isting technology of great as might be expected as a
components and assemblies during result of increased parts and there-
a 1- to 5-year mission, fore, increased failure l_otential. _':

The high-reliability demands The final iteration was a redun-

require that components be replaced dant baseline with spares and a capa-
by spares before their mean wearout bility to restore any of the failures.
life, at which 50% of the components The final design is active redundancy,
have failed. To ensure adequate butcanalso be configured ior standby
margins, 2.5 to 3 standard deviations redundancy. It provides operation
from the mean were used to calculate from either of the two loops. Simil- #

the quantity of spares for typical arly, repairs can be accomplished
components. The components that from either loop while the other

._ have a wearout life less than their loop maintains the operation. Notice
. missi,_n expected usag_ had spares that the reliability increase._ to

provided to the next highest level of 0. 999 for 1 year.
spare. This option provided a mar-
gin that protects from wearout devia- Spares were provided for two
tions and nominal failqre rates dur- distinct reliability problems: (1)
ing Storage or dormant phases. The constant failure rate or exponential
vacuum pumps, for example, of the failures and (2) components with
EC/LS have a design life of 2, 500 hr, limited design life or wearout fail-

_ bas_.d on at least two standard devia- ures. In this design, for example,
tions. Therefore, three spares plus the filter, pumps, and heaters
one for initial baseline provided because of limited life will be

II. 4. 14
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NOTE:
CHILLER

• REDUNDANT WITH SPARES:
t t I SIXMAN CREW _ RELIABILIlr_r.

.-I • • _ -. I ' i I_FECESWATER _- DUMP
_..JI._I.+,_I_OKINKI _ j v . REI)tJIIOANT: OSE0 RELIABILITY

J _)+AC NONREDUNOANT:
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, _ao.-, II "v_a_ Jl " "'+ + -ATE • FI _E

I WATERJ_ li ._._ m_ I

++ , *.. ,, 1"I Tv,_v,_.._'_, _t'-'"II --.
,: L__-l --. , _.

Figure5. WaterManagement- ECILSSubsystem

replaced before the end of the l-year A redundant design capability is
mission, necessary generally to satisfy crew

i safety and mission objectives. This
" design approach complies with the
; SPACE-STATION SYSTEM ANALYSIS "no single-point failure" criterion

of a space mission, which means

,_ An individual analysis was per- that no single failure must jeop-
: formed on each subsystem of the ardize the crew or cause abort of

space station to select the best design the mission.
: approach as described in the preced-

+ ing sections. A comparison is given _s__T_n__t_s, m,_.m
in Tabts 8 for baseline options versus .-_5+ , , . •..... m_._

I I tlll lOtill.il_ I i I

: the incr_.ases in their respective _ +'I"T +.._ ,. u, Immt'_m_ '+' -
reliabilities. The weight and volume _ _s ' -
penalties are also included. _+

: A summary is presented by Fig- _ _ ,,, w"md,:,. ' ,
,-:e 6 of the combined effects of the _ :tJwat_ ,a,,_me_m,c_

subsystems upon space-station relia_ _i I I i J
bility during a 1-year mission. The "t_a t_ o.n a) ts t_ UL0
S ingle - thread and redundant basel ire- s.u .Arm ,,_.sa,. uoss_ s_ass

design options, are compared with a
design and required spares to restore
the spacecraft in flight after failures. Figure6. SpaceStation Reliability-1-YmrMission
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The active and standby redun- designs and technologies of
dancy with a restoration capability a manned space ._tation.
are the most flexible options and Therefore, tradeoffs that
were used extensively. However, consider redundancy, backup
some exceptions were necessary as modes, and spares are nec-
follows: (1) structure, as described essary on each subsystem.
earlier; (2) propulsion; and (3)
stability/control. The propulsion 2. Given existing and projected
thrustors, tanks, lines, and so forth limits of technology, spares
are redundant but, for safety, are not and design provisions to
repairable. The hazards resultfrom restore the space station
use of storable, hypergolic propel- in flight after failures have
lants and also f,'om the difficulties advantages over alternate

resulting from location in unpres- design approaches.

surized areas of the station. 3. The penalties in crew
resources to restore the

The stability and control elec- space station ia flight appear
tronics use a hybrid of design options, to be within practical limits. _.
The sensor assemblies are not
repairable in space and also are 4. Single-point failures must
limited in useful life to about 2,500 hr. be eliminated from subsys-
The sensors include attitude and rate tern design because of the

hazard to the crew andgyros, star trackers, horizon sen-
mission success objectives.sots. and control-moment gyros.

For these reasons, the sensors are Similarly, design provisions
installed in a standby redundancy to restore the spacecraft
design with two to three sensors in are required to conserve
standby, plus one for initial opera- the margins of crew safety

and functional levels oftion. Most other electronics are
repairable and, therefore, are backup on redundant modes
installed in a single redundant, active for reliability.

:_' design with a repair capability, Fail- 5. This paper has shown the
i ures of the control electronics are improvements in crew

: restored with such replaceable rood- safety and mission success!

r ules as circuit boards. Upon real- that can be accrued by pro-
!i : function, the design allows repair of viding a mea _s to restore
! : either of the two control loops or the space station in flight
i , circuits, while the other sustains after failures. Hc,wever,
! the operation. These design provi- the parameters and

i . sions require approximately 82 lb resources that are required !of spares and increase the reliabil- for these improvements are
r ityfrom 0.413 for a design thatis marked by uncertainties. !

[ only redundant to 0,996 for redundant The uncertainties result, '
. _, with spares, in part, from insufficient
i i test data and because, at

_ thisjuncture, a space sta-
; CONCLUSIONS tion has not been built with

' i a design objective to restore
As a result of the study, the the space stationin flight. I

I following conclusions were reached: _.6. Alternate studies have been

1. No single design approach is undertaken by Douglas to
l optimum for the diversity of develop criteria to increase
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the reliability and design Harvard Business Review, Vol-
useful life of components, ume 4Z, No. I, Jaunuary-
The emphasis is to replace February, 1964.
in- flight maintainability with
improved designs to fu'.fill

; high reliability for space
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THE IMPACT OF MAINTAINABILITY ON EC/LSS DESIGN

Klaus S. Feindler

Gru_nan Aircraft Englneer:ng Corporation

Advanced Systems, Space

Bethpage, New York

Mike Brudnicki

AiResearch Manufacturing Company
Space Environmental Systems

Los Angeles, California

S[_MMARY: A novel Envir_nental Control and Life Support System

(ECfLSS) was designed for space station use. High reliability
is achieved for earth orbital missions by utilizing the concept

of on-board maintainability. Major maintainability elements,
such as commonality, packaging and sparing of components are

discussed. The CO2 Reduction Subsystem is singled out to
illustrate the complex interrelationship between maintenance

level, crew involvement and system weight. Special designs of
_mintainable valves and regulators are gescribed.

INTRODUCTION SPACE STATION EC/LSS RELIABILITY

Current spacecraft are Space stations are being

designed to achieve reliability planned now to take 4-to 12-man
by built-in redundancy. A crews into earth orbit for future

typical 3-man, 14-day mission is missions ranging from 1 to 5
supported by a non-regenerative years. Payload limitations and j

EC/LSS consisting of 150 compon- cost considerations demand that

ents, many of which must be "the loop be closed" by the

, redundant in order to attain the application of regenerative EC/
0.993 reliability goal. Assuming T.gS. This results in a sharp

that this EC/LSS could be extended increase in complexity and a

to a five-year mission, EC/LSS decrease in reliability. A 0.950
' reliability would drop to a reliability goal was set fo_ a

totally unacceptable 0.365, on the 4-man crew on a 5-year misslon

basis of a [allure rate constant with 90-day resupply. Conventional
at 21 x I0-_ failures/hr. This methods were employed to meet thls

I failure rate would, most likely, goal:

increase as equipments approach
i their wear-out-periods thus o relaxation of the demand

I causing a further decrease in for minimum weight and

t reliability. The search for a minimum power requirements
new approach to high reliability

then becomes mandatory, o refinements in design

o increased redundancy

IV. 7.1 "."
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These methods were not patti- components. Also, multi-point

cularly successful, because a small connectors of high reliability
! incremental increase in reliability have been developed to permit the

was accompanied by greater incre- convenient replacement of plug-in
i

mental increase in system weight, modules. When comparing
electronic systems to fluid-

' mechanical systems, it isJ

SYST_4S ANALYSIS INDICATES MAIN- surprising to see how far the

TAINABLE EC/LSS IS REQUIRED FOR latter is lagging in the
LONG-DURATION MISSIONS application of maintainability.

i A paper by Frumkin and Hodge,
i Reference l, states that long-term MAINTAINABLE EC/LSS DESIGN STUDY.

J missions may not be weight-effective OBJECTIVES AND IMPLEMENTATION
with redundant systems, or, to use

, the paper's term, "non-malntair_ble 'IT,e prcbZ_m of designing a
systems." Based on a study highly reliable EC/LSS for space

recently conducted at Grumman, the station use can be resolved only

I authors plotted the function by the full scale adaptation of
'i'ystemweight versus mission maintainability to fluid-mechan-
time" for non-maintainable and ical systems. Recognizing th_s

maintainable systems. After an challenge, Grumman started an

initial savings, the non-maintain- in-house stud_ program during

able system quickly loses out to the fall of 1967 that was dedicated
the maintainable system. From the to the development of a truly

cross-over point - which may be maintainable EC/LSS for long

taken at 90 days, or less, for the dm-ation missions. Maintainability
mission discussed above - the non- was established as the major

maintainable system increases at an design goal in the definition of

increasing rate whereas the main- a space station EC/LSS which
tainable system increases at a could be installed in a manned

decreasing rate. altitude chamber for design
verification and development

In their comparative analysis, testing.
the "non-maintainable system" is

understood to mean a s_stem in In an attempt to dramatize

which enough redundant components maintainability, the original

are provided with automatic switch- mission model was abandoned (5-
over to .reach the desired reliability year mission, 90-day resupply.

goal. Conversely, the '_naintainable 0.950 reliability goal) in favor
• 1' -- -- Ssys_e_ conmaln _%mctions and of a 5-year miss_on, _.,ithout

devices that permit diagnostic and resupply, but for the same rel-

remedial action by the crew. As lability goal. In search of a

long as enough spares are provided, new approach, five major design
such a system could be maintained objectives were defined:

indefinitely.
o Built-in fault detection

In electronics the practice and isolation capabilities
has been to use standardized

circuitry with built-in, self- o Compatibility with the
on-board checkout system

checking logic and common (0CS)

IV.7.9
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o Equipment layouts must o Reliability analyses to
permit direct access for the define spares requirements

replacement of failed

modules and/or compenents o System and subsystem layouts
with major emphasis on

o Valves, couplings and hoses man-machine interfaces and

to permit evacuation and subsystem perfor_u-_ce.
refilling of l_quids and

toxic gases from failed AiResearch Manufacturing Div.
components of Garrett Corporation conducted

an EC/LSS design study for

o Maximum use of commonality Grumman that produced a design
and interchangeability which is unique in tha_ ±_ is

(valves, regulators, maintainable for five-year

couplings, gages, meters, missions - with or without
etc.) to permit minimization resupply.
of spares requirements on a

total system basis and to
simplify the overall main- DESIGN STUDY RESULTS: HIGSLIGH_S

tenance task OF A MAINTAINABLE EC/LSS

These objectives were imple- The system designed represents
mented by concurrent investigations a true prototype using flight-

in the following areas: worthy concepts, materials and

design features (see Reference
o Extensive failure mode and 2). For the first time, an

effects analysis (_34EA), at EC/LSS has been designed which

the subsystem level, to can support 4 men on missions up
identify components critical to 5 years without resupply.

to the cr,__w'ssafety This system is regenerative and
•_intainable; it comprises 589

o Establish maximum _llowable components without redundancy.

t downtimes to ascertain sub- Figure 1 shows a schematic of the
systems amenable to main- base-line system. A flight

tainability by removal and version would weigh 1660 lb dry

i replacement methods (R&R) and 1730 lb wet. Power consump-
• tion is rated at 4000 watt.

i _ o Categorize component functio_

i _ and fix ranges of operating This EC/LSS consists of i0
i parameters, to determine the subsystems: Water Management,

i degree of commonality which Humidity Control, CO_ Removal,

! can be achieved without CO9 Reduction, Oxyge_ Generation,
i compromising system perfor- Tr_ce Contaminant Removal, Thermal i

mance Management, Cabin Temperature

I Control, Suit Circuit and Waste
o Evolution of new maintain- Management. _

' ability concepts, through

packaging studies and from
considerations of human

factors, that would yield
the most practical level of
maintenance.

IV. 7. 3 _ -
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FIGURE 1 BASE LINE SYSTEM FOR SPACE STATION EC/LS

FMEA's revealed weaknesses in if standby-redundant coolant

subsystem desi_. Reiterative pumps are needed for the Thermal

design steps were therefore taken Management Subsystem.
to reduce downtimes to permit on-

board maintenance. For example, All subsystems_ except for
the FMEA resulted in a complete the Thermal Management, were

redesign of the Water Management packaged in modular form and

Subsystem which now features T mounted in the EC/LSS Console
tanks and lO control i_nels. (see Figure 2) for direct access

Patch-cords with qulck-dlsconnects for maintenance, from both front

permit positive isolation of and rear_ (see Figure 2).
contaminated waters by means of

manual switching. The basic groundrule was
that components in need of

Table 1 lists the Maximum service should be accessible

Allowable Downtime for all lO without prior removal of

subsystems. 'l_neThermal adjacent components. The final

Management and the Cabin Temp- design in the evolution of
erature Control Subsystems are packaging tecbnlques featured
critical and have m_ximum panel mounted v_ives and gauges,

allowable do_ztimes of only 0.5 bat the panel itself is not

hours. All other subsystems removable. This design _as
have allowable downtimes of the Judged optlmum_ since It provided

order of hours to days, to provide the widest _osslble range of

ample opportunity for maintenance, applications to component
Additional studies should determine commonality. Maximum component

IV. 7.4
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TABLE 1 MAXIMUM ALLOWABLE DOWNTIME

Downtime,
Subsystem hr Effect

Thermp1 mmlagement 0.5 Shutdown Humidity control

(external failure, CO2 removal

complete shutdown) CO2 processing
Water recovery
Cabin temperature control

Cabin temperature control 0.5 Cabin temperature increases above tolerable _
limits (>100°F) if both units failed

indefinite Cabin temperature iv _,reases to 80°F with _ .
one unit failed

Humidity control 3.5 Cabin dew point increases to 70°F

!

CO_ removal 75 Cabin CO2 partial pressure increasesI
, to 30 mm Hg

: CO2 processing 12.5 Loss-of CO2 overboard: 6 lb CO2 loss assumed.

i O2 generation i2 Cabin pO2 decreased from 160 mm Hg to
150 mm Hg

Water managemen_ Water supply restricted to essential

I requirements .

• Water recover" 120
I
-_ • Water distribution 3
I
I

Cabin pressurization 14 Cabin pressure drops to 5 psia

,!
Trace contaminant removal Probably not

i : critical

Suit circuit Not critical No suited operation until repair completed

IV. 7.5
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co:mnonality produces a lighter station ,_se, is deployel at 80 _

EC/LSS, since there are fewer different locations throughout
spares. Figure 3 illustrates the system. Other components,

the spares requirement for the such as quick-disconnects,
/i

proposed system. _O lb of instz'u_nentsand fans are used

spa1'es need to ue launched in as many as 6 to 98 different
initially for a 5..yearmission locations.

w_th 90-day resupply versus
1700 lb for a 5-year mission

without resupply. The total C(_40N SHUTOFF VALVE "
systems weights corresponding to

these launches are 3890 ib and Investigation of the oper-

18,100 lb, respectively. These ational requirements for this type
weights include all consumables, valve revealed that a co_.,on

design should:

o Ha_e a flow passage of

approximately 3/q in. ..

/

! // o Be capable of sealing
against pressu1"es in the

-i ,_ _ -_ _ range from 0 to i00 psia ."

w_ .

. ._ _ o Be able to withstand a :_.
"=|._ hard vacuum., i_

: I_ ,® - _,_ _ _'izure4 depicts a valve
i _ --_ which weighs 1.2 ib and fits into

_ .-" _- a 4 x 4 x .5 in envelope. This .:

,_ _-- _ , , insert-type shutoff valve, proposed '-
_' for all applications, required a

, .,ss,__.o.: 5_A_, flow passage of up to 1/2 in2. I_ L|AB| L|TY/GOAL 0.95

,_ I I 1 diamete:..
0.2 O.& 0.6 I.G ,L.O 3.0 &.O $.0

r ,,s.,,L,,,(*v._. ,_.s This removable cartridge .

design speeds replacement of th_
•alve's working parts. The use

' FIGURE 3 SPARES REQUIREMENT FOB of monoblock assemblies is also -

_IAINTAINABLE EC/LSS facilitated where many functions I

are grouped in a single area. j

The monob!ock metD _d utillze_

COMMONALITY, A KEY FACTOR IN THE castings or brazed assemblies that "
PESZGN _DR M_INTAINABILITY eliminate the many mechanical

joi,its used with conventional

The degree to which commonality tubing and fittings. _'-

has been stressed is indicated by

the fact that the 589 components The receptacle portion o_ _
are based on 127 different compon- the valve is made common except

ent designs. A single component that the location and s_ze of the
inlet snd outlet ports are

(a manual shutoff valve), spec-
._ ifically conceived for space spectfic to each application.

The receptacle is b_-azed to "he

_V. 7.?
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3 In.

FIGURE 4 COMMON SHUTOFF VALVE

! subsystem structure, i.e., the the position of the manual control

i panel, and to its interface knob. The taper of the poppet has
; connections, thereby making it a a variable slope; the first part
: highly reliable stationary part. permits slow opening to provide

The insert portion is identified metering control for low flow

as the valve proper and contains applications. The second part _ 4.
all the seals and working parts is shaped such that a few turns

for flow control or shutoff, of the knob produces full opening

The dual O-ring seals contained of a ½ in. flow passage. A pin
on the insert valve bea_-against in the valve body protrudes into

the inner walls of the receptacle the machined groove in the side
to isolate inlet and outlet ports, of the poppet to prevent it from

The vaive'sinner diameter is rotating when the valve is opened
stepped down to icrovide a flow or closed; this reduces wear on

annulus for the side port and to the O-ring seals and greatly

prevent sliding the O-rings past prolongs their life.
". the side outlet port.

An inner and outer thread is

" The insert pertlon provides included in the knob to accommodatei

J flow control in accordance withI

!
IV.7. 8
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Q_-..-_ 3 _.

_....-_ 3 IN.

Receptacle

4In

Aneroid

Insert

! 4 IN.

1 t "2

! !
! -

FIGURE 5 COMMON PRESSURE FIGURE 6 COMMON PRESSURE
REGULATOR RELIEF VALVE '

• IV, 7.9
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the non-rotating poppet. The A cap is installed over the aneroid

selection of the number of threads adjustment to provide a seal and

per inch on the inner and outer to protect against inadvertent

thread will depend on the displace- changes to the adjustment.
ment per turf to satisfy the

metering requirements. Position
indication of the valve can be COMMON PRESSURE RELIEF VALVES

incorporated by attaching a device

to the knob to monitor the relative Eight different relief valves

:J displacement between the knob and are used in the EC/LSS. The

the threaded portion of the poppet, required relief pressures range

from 0.35 to i00 ps_a. The
!

z relief valve designed for these

CGMMON PRESSURE REGULATOR applications is presented in
{ Figure 6. This valve can be

Four pressure re_ulators are used for all of the eight

--;_ required in the EC/LSS to produce applications, except for calibr-

i outlet pressures of 7, I0, 20 and ation and/or aneroid change.

30 psia. A single regulator was Many of its features are identical

designed to accept all performance to those of the valve and the

and media requirements, except that regulator previously discussed.
individual calibration for each of

the four applications is required. Common cartridge design for

shutoff, relief and pressure

Figure 5 shows this regulator regulating functions offers the

which, in many aspects, is identical advantages and the flexibil _ty of

to the shutoff valve described interchangeability of components.

above. Weight, size, porting and Use of co_on parts such as bodies, i

sealing of the receptacle are O-rings, aneroids anl adjustment

identical. The regulator Jn_ert caps, can reduce spare stocks if
is shaped differently to house a bench level maintena:,ee is contem-

poppet valve with an integrally plated. Use of the cartridge

: molded elastomeric seal that is design concept also provides

spring-loaded against the seating valuable backup features. If

surface in the valve portion of spares are not available, a manual
the insert. The small diameter valve insert could be used in an

poppet is made from pinion gear emergency in place 9f a failed

stock with the outer diameter of aneroid. Commonal_y and inter- m

the gear accurately guided by the changeability at beth component

bore in the regulator. When the and parts levels make it possible

poppet is depressed from its to continue _ub_ys_em operation

seating surface, the flow is in a degraded mode. A test

directed through the gear tee Lh to bench is required for recalibr-

the outlet port via the aneroid ations and/or aneroid changes of

chamber. The aneroid senses outlet the pressure regulators and relief

pressure and contracts or expands valves. The basic equipment

depending on the outlet pressure, required in the test bench is

The aneroid position is calibrated schematically shown in Figure 7.

(on a test bench) such that it While special equipment such as

pushes t_e poppet off its seal at test benches adds weight to the

a preselected pressure. The system, this addition is considered

aneroid adjustment is secured by minor when compared to the reduct-

the Jam-nut during calibration, ions achieved by extending the

IV. 7.10
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_ COAXIALCALIBRATIONTOOL

'-"-- _ _ _ TOABSOLUTEPRESSUREGAUGE,

8]N__ / VIEWINGLID FLOMHETER,FL(_/ CONTROL

VALVEANDVACUUHSOURCE

¢

I I
rlrJt n .._ i _ !- FROMNz PRESSURESOURCE,

II / PREssuREA.BAOJUST-
I Lk )J i • II _ ABIF REGULATOR (0 TO |_0 PSi)

TOABSOLUTEPRESSUREGAUGE,FLOId'HIETER,
FLITdCONTROLVALVEANDVACUUMSOURCE

_"' FROHNz PRESSURESOURCEPRESSUREGAUGEAND
ADJUSTABLEREGULATOR(0 TO 150 PSI)

TO LEAKAGEFLOI_ETER -"

FIGURE 7 TEST BENCH FOR REGULATORS AND RELIEF VALVES

application of commonality and during the design study.
!nterchangeability from the
component level to the parts

'I level. RELIABILITY CONSIDERATIONS

i The case of the maintainable Following initiation of the : :
i EC/LSS can be further illustrated :_V£EA,all subsystems were doc-

k} by comparing its design use ratio umented with detailed schematics i,
! and its redundancy percentage with for the performance of reliability
i those of current and past space- analyses. Subsystem goals of

craft programs. A synopsis of this 0.995 were established by predic-
comparison is contained in Table ating an overall reliability of

2. The last column entitled 0.950 for the 5-year mission, and
"Space Station Simulator EC/LSS" by apportioning the overall rel-

clearly shows the progress made lability goal equally among all

IV. 7.11 .. _.

1971066602-668



TABLE 2. EC/LSS DESIGN EFFICIENCY

Past Spacecraft Current Spacecraft Space Station
Program E C/LSS E C/LSS Simulator

EC/LSS

Crew Size 2 3 4

Functional Components 78 121 325

Component Designs 47 62 73

DUR 1. 65 1.95 4.45

Redundant Components 23 30 4
J

z RP 30 25 I.2

Sensors 33 24 114

I 0.35
IR 0.44 0.20 I

Number of Functional ComponentsDesign use ratio DUR -
Number of Component Designs

!

Redundancy Percentage Number of Redundant Components
RP ffi Number of Functional Components x 100%

_ Instruu_ _-ntstion Ratio Number of Sensors
IR = Number of Functional _ornuoneuts

#

i0 subsystems. Component failure aircraft that have similar com-
rates were enumerated with the aid ponents. Generally, the stress

of two sets of data. One set environment of jet aircraft is
consists of current spacecraft considered to be ten times more

data 3 the majority of which is severe than that of an earth
analytically predicted by the orbiting space vehicle. For
examination of component desig.s, example, aircraft experience
and the minority of which is the indicates a mean time betweer

result of llfe testing. The replacement (MTBR) of 103000
second set of data is based on hours for an ECS-type fan as

operational experience with jet compared to a meantime between

IV. 7. 12
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failure (MTBF) of 200,000 hours weight. Maintenance on the parts

estimated for the current space- level, on the other hand, demands
craft. For the purpose of the a maximum of time and skill on

Grumman study, values of i00,000 part of the crew, and special

hours (MTBF) were used, i.e., tools and fixtures. Maintenance
values i0 times larger than the on the parts level may result in

aircraft MTBR. the lowest _ossible system weight,
if commonality and interchange-

In order to keep subsystem ability are diligently applied

failure rates low enough to meet throughout the entire EC/LSS design
reliabiSity goals, it became and sparing is accomplished on
necessary to provide even the the parts level (one size O-ring

simplest component with a backup for the entire EC/LSS). What is
unit to serve as a replacement, the best location for maintenance:

Cor_equently, every component had on-line in the EC/LSS console, or
to be replaceable. Statistically, at the EC/LSS bench in the on-
even the simplest component, such board workshop?

as a heat exchanger, may require
replacement in the course of a Since on-line R&R and parts
5-year mission (Reference 2). level R&R would be a combination

of extremes, it was rejected.
The issue of single action versus

WHAT LEVEL OF MAINTENANCE IS dual action maintenance was
DESIRABLE? reckoned with. In single action

maintenance, failed equipment is

In general, _i&Rof failed removed from the console and
equipment was considered as the replaced. In dual action main-

only realistic t_pe of maintenance, tenance, failed equipment is taken

Repair work, such as the mending to the workshop where additional
of broken or leaky equipment was maintenance is performed at the

not intended, because this would next lower ]_,vel. The subject

I ! have required technology not of the mo_ practical maintenance
!

_ presently available. The adjust- level and action must be discussed
! ment of aneroids represents a further in conjunction with : :

: borderline case, because the packaging, since R&R is not_ adjustment may be used to ready a possible without easy access and
general spare for installation in removal.

! i a specific application, as to

readjust a malfunctioning regulato -_

for renewed use. METHOD OF ISOLATION .

[ Equipment maintenance was When the concept of R&R at i

i ontemplated at four different the component level was adopted,
levels: subsystem, module, each subsystem was studied to
component and component parts, determine the best methods of

What level of _intenance is most isolation, system drainage, and,

desirable? There are two extremes, the replacement of components.
i replacement at the subsystems level There were two basic approaches:

and replacement at the parts level, individual component isolation
Replacement on an entire subsystem and group or subsystem isolation.

requires a minimum of time, skill, Component isolation was rejected
tools and instrumentation. The because:

penalty is an extremely high system

IV. 7.13
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o S_De,_ial provisions would be s_lector valves and bypass loops

i required for fluid removal were provided for subsystem shut-
and _eplacement from each down. Quick-disconnects allow

i individual component, which liquids or toxic gases to be

i would impose extremely high emptied through a quick-disconnect _

; penalties on the system, hose assembly and into an over-
board vacuum connection. Leak

o The subsystem must be shut checking, evacuation, sterilization,

down, in any case, for refilling, etc., can be performed

component replacement, via the same connection. Figure

8 shows the remove and replace!

! Subsystem isolaLion was there- methods.

fore selected. Isolation valves,

!

• , NON TOXIC G;KS

TOXIC GAS OR FLUID

..._ (_ _ PURG 1-"

- REFILl
LINE FLOW CRITICAL

FIGURE 8 REMOVE AND REPLACE METHODS

IV. 7.14
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PACKA( rNG CONCEPTS these reasons, dual action main-
tenance at the module level was

Investigations of various rejected, despite the advantages

approaches to maintainable package of small package size and minimum
design were guided by the following maintenance time.
criteria :

The approach indicated earlier

o Minimum subsystem downtime in this paper, dual action main-

tenance at the component level,
o Unlimited time for component is more rewarding from a cost

R&R effectiveness point of view. When

subsystem isolation and evacuation

o Ease of component replacement are accomplished, the failed
components are removed from their

o Small package size stationary panels for replacement
and/or repair. A spare component

o Low weight by minimizing is installed if the subsystem
spares requirements downtime is critical, or the crew

is occupied w-'_cnother tasks.

o Reasonable cost by realistic The subsystem is then refilled

appraisal of design and and returned to service. The
development programs failed component is repaired at

a later time and put back into

The idea of modular packaging the spares bin. Even though it

comes intuitively to the design results in longer "off stream"

engineer, but the level and type maintenance times, this approach

of maintenance action should be maximizes the advantages conferred
I decided, after rigorous analysis, by component and parts commonality.
i in accordance with the criteria This effects a lower number of

_! outlined above. In typical du_l spares and a reduction in cost.
: action maintenance, after subsystem

i isolation and evacuation, the
_ module comprising a failed component EVOLUTION OF THE MAINTAINABLE CO2

is removed and immediately replaced REDUCTION SUBSYb_4
i by a spare module. Subsequently,

I i the failed component is replaced The CO2 Reduction Subsystem

i on the used _odule which then serves best to illuctrate this
becomes the Sl_Xe. Since spare evolution of packaging concepts.
modules and additional spare It also shows clearly the complex

components intended for this t_ype interrelationship of reliability,

of maintenance must be ce_ried on- maintainability_ commonality,

board, there is a weight _ena]ty. sparing and packaging. In brief, !

When all spare components (of one it elucidetes the impact of main- i

kind) have been used, a common tainabiSity on EC/LSS design.. I
component could be removed _rom

spare modules on standby for other Figure 9 pictures the controls

I subsystems. However, this defeats of the C02 Reduction Subsystem
the quick module replacement packaged as an integrated module

concept. Furthermore, module for dual action maintenance.

replacement depends on tight Co_cn components, such as manual
packaging which involves long shutoff valves can be directly _'

design and develolmment programs removed from the front pane].
that result in high cost. For If the integrated module must b_" .

IV. 7.15
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removed, fluid connections are packaged for single action

automatically separated by maintenance through R&R at the

releasing the structural support component level. Components

of the chassis, are directly accessible either

from the front, in the pane],

{ Figure i0 illustrates the or from the rear, in the
CO2 Reduction Subsystem control _ chassis.

I

1

/ Slgmll CoDd

j (T_)

'_ I 1-,_r_ _ :'

View A-A

FIGURE 9 CO 2 REDUCTION SUBSYSTEM CONTROLS PACKAGED

FOR DUAL ACTION MAINTENANCE

+
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Fo±'the discussion below, a A detailed reliability
basic understanding of'the function analysis was performed to back

of the C02 Reduction Subsystem in these com2onent_ sufficiently
a Space Station EC/LSS is required, with either redtndant or spare

_', The core of the subsystem is the compouents in or ler to achieve

'i SabatJer reactor (Figure ii), which the required subsystem relia-

uses hydrogen as fuel with which to bility goal of 0.995. Im_ze

convert C02, expired oy the crew, components were arranged in five _P'-!
, to water and methar,e. Temperatures different conf!curations

i a_erage C_oO_F. With a number of corresponding to different system

, po_entially dangerous gases present, weights and various degrees of
i a number of controls and instrlxnents crew involvement. The Space

! are necessar/ for the safe operation Station _pares Selector Nomograpn,
J of ,_hereactor, all of whose compon- Reference 3, was used as the

ents have relatively high faih_re principal too] to calculate spares

i :ates. requirements, and to perform

[ ('o, ] CO 2 CO>

[ C()_,_('ENTIIAT()R ]

ST.LRTUP
HEATER

_ , COOLANT AIR
] CELL I " _ _ 4 H9 _-CO 9 -: CH 4 • "2 1190 (PASSIVE)

1 :; PRODUCTS OF

' C()M BUSTION

I

1
i H20 ILIQUID CONDENSER H90 l *

" I
._ . COOLANT SEPARATOR STORAGE I

t_ l

CH 4

VACUUM

i DUMP

FIGURE Ii CO 2 REDUCTION SUBSYSTEM SIMPLIFIED SCHEMATIC

i
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oradeoff analyses for the alternative maintenance. Figure 7.3explains

configurations on an orbital weight this schemaT,icslly. While tb's
has is. approsch ;•educes downt ime and

crew skill requJrements_ it ranks

ConfU _uration I of Table 3 highest in terms of orbital weight
comprises standh0r redundancy with for the 5-year m Lss[on.
manual sw_tchocer. This was used

as a baseline (Figure 12). Auto- Configuration IIB obtains
matic switchover was not considered weight savings by adapting the

because of the additional complex- module to dual action maintenance

ities introduced by the time and Dy introducing commonality

dependencies of'the debectors and for valves, re_*ulators and
switches requir,zd for automation, sen_,jrs.

Configuration IIA cohc_ntrates Configxlration IIIA is geared
instrumentation and controls in a _or single action maintenance at

plug-in module fol s/ngle action the component level, as can be )

VACUUM ('O PRESS• TRANSD CCU

DUMP '-' '\ ]

r i * tit,.,,, ..'2--- 7

I RE,'._'OR I i

t---- , ", "2PRE_'RE_ _--_t _LErT. II
,,'EL,. _-4-'--4_ '

'----' [ ,/_ i _ %"%CUU.M

t

_--i-i--m i

rL.:,w : LR-____ .. --°
TRA.'_SDCCER i___ 4

"'-'t_ LIQUID '_

CONDENSER [ - COOLANT
II, lillE& _;. "I'II_LNSI) |120 SEPARATOR J p

RELIEF BACK PRESS. I I _ If" _'VALVE RE_ H,_ I t ._

VACUUM e li"O i l "Jl,.'-- '
PUMP J .--'_ FUNCTIONFEATURES: ]IIGII FAILURE RATE EQUIPMENT MADE REDUNI2&NT

• COMI_LEXITY SAMPLE VALVL + RELIEF %',%LVI" i ,
• %%EIGHT B-NUTS X WELDS }

+ REGULATOR

-_-- SRU'rOFFVALVE

FIGURE 12 NON-MAINTAINAP,LE CO2 REDUCTION SUBSYSTEM _ SENSORTRS.'_SD
--_-- UIIECK VALX'E

• !_
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• seen from the schematic in Figure carried as l_rt of a common spares

14. This approach resulted in a mix for the CO2 Reduction Sub-

shsx-2 drop in the weight needed system; this permitted another

to be put into orbit. Specialized reduction in weight.

componentL: are replaced with

spares cqrrled on-board and Configuration IV points to

rePupplled as needed, further savings in spares weigL5

! for both on-board and resupply

: Cotnponents in Configuration which can be realized by cart :ing
IIIB are made common wherever the commonality concept to other

: possible and spares are no iongel subsystems and determining a

+ earmarked for particular spares mix on an integrated system

al_llcations. Instead they are basis. For example, the shutoff

valves an@ regulators mounted in

+_ lJl.'kl..*.<.q+l(,N MAINTENAN(
l

! t - i,aF,_ ,f:¢; I r.... -,

lht",. _ + _ j<_,___l.___ .x, •'' I('ONt'ENTRA £OR I S(,URCE r_iL i l .....
t

! !

I -__ I REAt_.+i_ 1

_- f" " _ ] _ PRESS REG '

I CKI.I. I CIIECK VALVE __a

:_" _ ]_ ._ BI'.%T I VACUUM

BYP DaSC

I' RELIEF %'AI+VE _ CONDENSOR [ COO L..%.XT #

i ...v... n., _ I H.,o ;

- _'-- _ " "-'u _ :4 - I
I S'I'_T+AG E

ILA(.'K PRESS liE(.; ]
I C( }NT R+') 1• L -- ...+

v+++,, IF
DI.'.%II:

AIIi'II 1 "' SCALE

,am"

I"E.'kTURES..M¢_i)UI..%.II AI'I'ROACII • F.%.UI.T DETECT MODt+I.E INTERFACES * SEI.F SE.%.I.IN(; ' _"
: t_*'It.'k DISC+_NNEC'I'S USED FOR E.LSE OF FAULT I_I+ATit_N & t'OMIN_NENT

REI'I..iCE.MI'INT• SIMPI+ICIT'f

FIGURE 13 MALN-T.AINABLE CO2 REDUCTION SUBSYSTEM
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-he C02 Reducticn Subsystem and replacing the failed component, and
spared cn a subsystem basis, can be secondly, by replacing the defect-

applied tc the Cabin Pressure ire part within the comporent. In

Control Subsystem. _lese can case of the previously discussed

then be spared on a system-wide common valves and regulators, this

basis and en additional savings in may be the replacement of a worn

weight can be allowed to the CO^ 0-ring seal. A numerical illust-

Reduction Subsystem. This wou_d rat%on of this configuration was

be accomplished by comparing the not performed.

different subsystems involved on a

failure-weight basis. The Table B delineates the demands

ultimate in weight reduction can made on the crew in maintaining

be achieved by taking commonality the different configurations.

in desi_ end maintenance right Table 4 summarizes the orbital

down to the component-l_trt level, weights required for the different

Conf__maration V calls for dual configurations.

-_ction maintenance by first *

_I.%:GLI-" .%.(7"IILN M.tI.NTE.k.i\('[ / I.'l _

'J. ?.ll'

! ,gF ] r ]

F% i _ . I _;:;. '

IC_,SC_-NI'R._TORI- "--41''--<._- --I _->'[ _ -- " : ' ._,t'RCEI

I i

t , I

i I ELECTROLYSIS] | a----_ T
" I CELL [_= = " _ $ _ J

I I

t.=- ...... J

i _ v.-xcrr._:

": BYI'.%S_ %%

() I !'
CONDENSER

"IIII SEZ'EaATOR .

I HO I$-k ,..,. - r ', "' I

m, [ I ST(_I,A(;E I
t .I

V-%.C["'M

• 1)['?,11'
i

FEATURES: Q B- NUT
l] SI3[PLIC_Y

" VA1.VES FOR FAULT ISOLATION & REPLACh.MENT

i COMMONALITY VAI.VES TO REDUCE SI,.-IRES I.NVENTORY

--q.

|

' i FIGURE 14 MAINTAINABLE COg PEDUCTION SUBSYSTEM
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, TABLE 3. CREW PARTICIPATION IN EC/LSS MAINTENANCE

' ............. F. [ ..... T ...........', T):_e of Maintenance f .daintenance Crew Tool , Cr_.w

Configuratiotll Pack..ge Action I I,c_ el [ Tasks Itequir_ nlents _ ltequtrements

I ' Convention- None None _ Identify fai_ed Nora. : No special
al, c|,assis : coml_3nent, skill, mini-

' .mrform switch- mum time
over

HA Ph,_-in module Single ' Module ldenU/y failed Ne:m Lo_ skill,
with sealed ccm- module, re- little time
I_ents place module,

order new
module

liB Plug-in module _ D,tal Modale Identify failed Simple tools 31odcrate _klli,
ssith replaceable and component, for compon- il, crt-ast_l timt.
compo.nents of Com t_n- make decision ent removal.

"_ common desiz,,--_ ent to replace test bench for
module or corn- adjusting an-

;: portent, repair eroids
module, adjust
aneroid, order

; new module or
component

IIL't Panel xlith re- Single Compon- ident:fy failed Simple tools A_ above
placeable corn- ent c_-,,tponent, re- for eampon-
ponen_ts of in- place compon- ent removal
dividual designs ent0 order new

eompo_ent

llHt Panel with re- Single Comport- Identify failed Smlple tools As above
placeable corn- ent coL.:_onent, re- for eompon-
ponents of corn- . place compon- ent removal,
mort designs ent, adjust an- test bench

eroid, order for adjust-
new component ing aneroids

i, Panel with re- Single Compon- As abo:'e As above As abov_
: placeable corn- cnt
: portents of com-

mon designs,
spar_ on an
intJ grated EC/
LSS basis

] V As above, lint Dual Compon- Identify [ailed Special tools, ttigh skill,
sparing on ent and component or fLx'tures, test considerable J

: component- component- component part. bench for ad- time
] part basis part make decision. _ justment and

replace or repair: checkout
, order replac- [

.... i ._ i ...... i n,ents as req'd_[ ......
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TABLE 4. ORBITAL WEIGFT OF CO 2 REDUCTION SUBSYSTEM CONTROLS -
STUDY RESULTS

.............. I I -Configuratian ! Equipment l_sta]Jatd,m T Onboard Spare Supply Restzpplied Spares .%1[x0 "fota: Weight _

DescrlpUon rEqulpment INumber, f ]weigh_ _ -Eqtdpm-_ent_fr W_---lght Weight To Orbit
. /,p"ca,onsi i Io' Lb,.

dancy wflh
manual switch- I
over

IL% Plug-in module 17 38 23 1 3 6.9 114 205
with single !
action malnte-
.n,_Lnce

lib Plug-in module 14 _8 23 2 6 57 "a6 156
with dual action

IILA lnsitu repair at 16 51 28 13 24 17 3 4_
c_mponent level
speekd designs

WIB Insitu repair at 1_ 51 28 10 19 11 3 42
component level
common designs

I%" Common designs 12 51 28 10 >19 < 11 < 3 <42
thronghot:t EC/ •

LSS to minimize _ ',t
spares

Con._traints:

t - man cre_ for space station simulator

5 - year miSsion, or 43,800 hrs.

' 90 - day resupph- (except for configuration I x_hich has no resupply), or 2, 190 hrs.

'L 950 reliability goal for entire EC/LSS

l0 subsystems with u.nfform subsystem reliability _oals of 0.9::7 10.993 lor Configuration 1) •

Control section is estimated to represent 1/3 9f the CO o Reduction Sulxs.vstem with a section reliability
_oal of ,. 99992 10.99_ for Configuration 1]

t

4
1

. CONCLUSION present, only limited data are

i availvble with which to determine
While a strong case has been the potential for man-caused

built for the maintainable EC/LSS damage in operating and maintaining
: * with dual action maintenance, due regenerative type EC/LSS for a] :'

, caution must be exercised in the long duration mission. Consequ-

absence of actual operat[ng exper- ently, no failure rates could be
: ience with such a system. At assigned to the crew that performs

IV. 7.23 _
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the maintenance tasks discussed _s hoped that the new maintain-

i above, abzl[ty concepts be;ng developed
will become trendsetters for a

What is the probability of number of ancillary __luid-mechanical

error on the part of the crew? systems on-board space stations.

What is the quantification of These systems include cryogenic

these errors? EC/[_S designers fluid and propellant transfer,

will have to look towards the reaction control, auxiliary power,

i testing of representative main- etc. Proliferation of these

tainsble designs in manned concepts should greatly enhance

} chambers. Manned tests of ._- overall space station reliability

day duration, or more, will be and pave the way to i rplanetary
required where, just as for on- travel.

board space stations, the crew will

be called upon to offset in-flight

failures of vital equipment. REFERENCES

; Tests in zhe past have been

i designed to test the crew's (i) Frumkin, B., and Hodge, P.,

ability to endure confinement and "Redundancy vs. Maintain-

! measure bio-medical parameters, ability, Some Conclusions o,I|
_ These new tests will have to the Crossover for Manned

include the introduction of Missions, " 2nd National

artificial random failures by Conference on Space Mainten-

cognizant subsystem engineers ance and Extravehicular

! located outside the chamber. Activities, August 1968,

These chamber experiments need to Las Vegas, Nevada.

be augmented by undo water

experiments, and exu_eriments on-

board AAP and MOL Tli_hts, to (2) Rousseau, J., '_esign Study

verify oquilruent and procedures and Implementation Program,

under conditions of reduced A Space Station Life Suppc_t

gravity. System for Use in an Altitude

• Chamber, " Final Report,

_4 It is conceivable that Volumes I an_3 II, February
weight s_id cost considerations 1968, AiRes_arch Mfg. Co.,

will give way to relief of the Los Angeles, California
crew in stress situations. The

realities of permissible down

times and available crew skills (3) Frumkin, B., "System Effect- m

may call for single action iveness through Interchange-

maintenance at the module level, ability, " AYAA 4th Annual

For some subsystems, it may even Meeting and Technical Display,

be necessary to inst[tute redun- October 1967, Anaheim,

dancy with automatic switchover. California

' The stipulation o_ a ._-year mh

mission, without resupply, may

have been an extreme design goal,

but it was most helpful in

developing the great potential

of maintainability for EC/LSS.
The significance of these studies

• extends beyond EC/LSS design. It _
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A SUMMARY OF HAND-HELD
MANEUVERING UNIT DEVELOPMENT

By W. C. Huber

NASA Manned Spacecraft Center
Head, Test System Section, Equipment Engineering Branch

Engineering Division

and

R. W. Finn '

Rocket Research Corpa"'Jtion, Program Manager

SUMMARY: This paper is a discussionof the background and human
_gineering requirements that have led to the present Hand-Held
Maneuvering Unit (HHMU) configuration, and of the design and
performance of an advanced binary hydrazine rnonopropellant-fueled
HHMU that _rovides improved propulsive performance.

INTRODUCTION

During the Gemini IV Mission, Pilot tether dynamics but we wanted to actually
EclWhite accomplished the first propulsive find out how well a man outside a space-
extravehicular-activity (EVA) maneuvering craft with a maneuvering unit could
in history with a Hand-Held Maneuvering control himself and, in later parts, we
Unit (HHMU). Following the fl,ght, the wanted to find out just how well a man
pilot narrated films of the EVA and made could control himself with a tether ....
the following commentson the HHMU I came back towards the spacecraft, up •
evaluation, over the hatch, turned around above the

. spacecraft out of the view of the cameras
"What I tried to do is actually fly with and at this time, I told Jim I was coming

the gun, or maneuver with the g,.._, right back again out in front of the spacecraft -"
: out of the spacecraft, and when I de- to see if we couldn't be surewe could

parted . . . , there was no pushoff record it on the cameras.... I went
whatsoever from the spacecraft. The gun out in front of the spacecraft at this time
actually provided the impulse for me to and actually made a yaw in either di-

; leave the spacecraft .... I maneuvered rection. I found that control with the gun
approximately down the centerline of the to the right and to the left was what I felt
spacecraft, perhapsfavoring a little on quite adequate and the pitch was quite

:t the rlgh,_. The gun is actually providing adequate. I only had 6 ft/sec (total
the impulse for my maneuvers. ! started available velocity increment) in the gun,
a yaw around to the left with the gun. which is a very limited amount of air, so
At this time, I knew we had something I tried to use it very sparingly. I just
with the gun - because, it was actually used i: _nough to satisfy myself and to
providing me with the opportunity to make maneuversso that I felt in my own
control myself where I wanted to go up mind that I could control myself in pitch,
there. The control was actually what we yaw. and translation. This is the type of '

. . were trylng to demonstrateon our EVA con ol that you need to move from point
operation. We knew a little about the A to point B in space .... I wasn't

V. 7.1
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trying to control myself in roll because we <_uteror rest.'aint layer. A hard suit is a
donJt really care about the roll as long as rigid shell and must be jointed to provide
the pointing direction is accurate." mobility. A soft suit with no joints can be

flexed, but only with some effort to over-
Following the flignt of Gemini IV, the come the neutral point of the restraint

HHMU was scheduled for use on Gemini layer.
MissionsVIII, X, and XI. Becauseof
problems with other systems, the p_annecl The Gemini suits were designed with

_ HHMU evaiuations were not completed the neutral point in a sitti-_g position
The HHMU was used successfully by the The armsof the suit were positioned for --
G_mini X pilot Mike Collins prior to optimum access t_ the Gemini flight cen-
the scheduled evaluation, when he "fell trois. Whene'_era crew member moved
off the ,Agena" and used the gun to trans- within the pressurizedsuit, t,e had to
late back to the spacecraft, and was used overcome the forces tending to return the
again on his return trip to the ,Lgena. suit to its neutral position.

The limited flight useof the HHMU Apollo space suits are designed to give
has indicated its usefulness and has justi- greater .freedomof movement, since the
fled continued developm_.ntof ti',e units, wearer mustbe able to walk and perform
Proposedplans include an HHMU evalua- other motionsrequired for exploring the
tion during the Apollo Applications lunar surface. The Apollo space suit uses
Program (AAP) M-50 c Maneuvering Unit bladder and restraint-layer sections co_-
Experiment. In addition, a hydrazine/ nected at the joints by fley;L-!r. _:onvoluted

: water-fueled HHMU is being perfected secti_n_. Fx;.uvehicular-activity sui:_
: so that it will be available for future have a cover layer to provide thermal and

EVA missions, micrometeoroid protection which tendsto
increase bulkiness and decrease mobility.

The following summaryof HHMU de-
velopment may be of interest to people It became evident with early HHMU
engaged in the design of equipment that models (Figs. 1 and 2) that a pistol-type
has a pressure-sulted human interface and grip works fine on a gun fired at eye
to people interested in operational re-
quirements and the technology being

: introduced by the development of the
i Hydrazine Hand-Held Maneuvering Unit

(HHHMU or H_).

HUMAN ENGINEERING •

Human engineering in relation to
. pressure-suit and glove mobilltv has had

an important effect on the development of ,,
HHMU configurations. To appreciate fully
the problems encountered in designing
equipment that will be used by a pressure-
suited subject, ,sbrief description of a
pressure suit is provided.

. Pressuresuits are usually categorized as
soft suits or hard suits. A soft suit is
bas!cally a flexible bladder, usually of
rubber-coated fabric, which when in- Fig. 1. Developmental Model With Push-
flated, expands until it is restrained by an Pull Trigger Configuratio'l

V. 7.2 '
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Fig. 2. Development Model With Thumb- Fig. 3. Developmental Model with Ad-
Actuated Direction Control VcJIve justable Nozzle Angles

level, but, if fired from the hip or through _ -
the center of gravity of the body, the
wrist is bent into an unneutral Gemini- I
space-sult pnsition. A model was made
that incorporate& adjustable nozzle
angles (Fig. 3). The angular relation-
shipsof nozzle to grip centerline required
to place the thrust through the center of
gravity with the right hand in a neutral _ ,"
suit position were determined in expori- 11
ments with the adjustable-nozzle-angle
model. With the nozzles positioned as
shownin Figure 4, the grip ce,Jterllne is
located by pitching up 30°, yawing le,_t

' 15°, nnd rolling clockwise 10°. ._.,is
:,,igular relationship has been maintained

-: on Hand Held Mcn_uvering Units to per-
n,lr interface with Apollo space suits, even Fig. 4. Gemini VIII EVA Configuration
though the suits have ir_proved wrist Current versions of the HHMU are shorter
joints, because the angular relationship than Gemini models, and in order to
allows equal displacement for co:ltrol minimize stowage envelope, it was neces- __
motions from the neutral position of the sary to compromiseby shorteningthe
wrist, nozzle armsand canting the nozzles out-

1 ward slightly (Fig. 5).
_) Experiments with the adjustable-,
-) nozzle-ang le modeI (Fig. 3) also demon- Pressure-suit g loves present another
I strated that parallel tractor nozzles challenge in the design of interfacing
I placed far apart produced much lower equipment. Gloves for the Gemini

thrust lossesfrom gas imp!ngement than missionwere made with a neutral position
i nozzles placed side by side and canted that provided ease in handling flight
_, outward produced. Ihe proper stance controls. Holding the hands in other
_ when tran,Icting with the HHMU is for posi_iensfor any period of time brought

the body to be turned to the direction of about varying degrees of fatigue. The
translation at an angle that will present Gemini EVA gloves were designed with a --
the least frontal area to gas impingement, neutral position that would a,aow

V. 7.3
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! easier manipulation of the HHMU and Since finger and thumb dexterity was
other EVA equipment. Extravehicular- limited with pressurized gloves, it was

. activity gloves have cover layers to decided that grossmotionsof the hand
provide thermal and micrometeoroid would be relied upon to initiate tractor
protection and to reduce conductive heat and pushermodes. Thisappreach worked
hansfer from the spacecraft or equipment well enough and was usedon all Hand-
surfaces. The cover layer adds bulk and Held Maneuvering Units developed for the
reduced mobility. Both Gemini and cur- Gemini Program. Tractor and pusher

, rent Apollo gloves have hinged metallic valves were actuated by sliding the glove
i membersi_ the palms, which allow forward or aft and depressingthe trigger

cupping of the palm and prevent the gloves that was hinged at the center (Figs. 6 and
: from ballooning in the palm area. 7). In Gemini X and Xl Hand-Held
i Maneuvering Units, the trigger was re-

"_" r'_'_- designed to provide two triggers plvoied
at the ends (Fig. 8). This change per-
m;tted tractor and pusher valve actuation

! with le._smovementof the hand.

i Pos_-Gsmini development has resulted
in a more acceptable control-valve

._ layout. This configuration (Fig. 5) pro-
i " vides a single flow control valve,

operated by depressinga button with the
I index flnger. Fortractor mode, only the
! trigger is actuated. For pushermode,

both the trigger and the button are
; actuated. This desi3n is being used in

Fig. 5. HHMU Being Developed for AAP the AAP M-509 experiment HHMU and in
M-509 Experiment the HHHMU.

Several designswere evaluated in early
• HHMU models to find a control-valve

layout that could be manipulated easily
with EVA gloves. The first design
(Fig. 1) provided tractor thrustwhen the
hand was closed from the glove neutral
posTtiun and pusher thrustwhen the hand _
was opened from the glove neutral posi- ._
tion. This design required that hands be
bare because the thumb was used to grip
the handle and oppose the force required
i. order to pu,_hthe trigger forward for
pusherthrust. With pressurizedgloves,!

it was fatiguing to hold the thumb in the
position to grip the handle. Strapping the
gun to the wrist of the suit allowed
adequate control, but this measurehad Fig. 6. Gemini IV HHMU With Self-
obvious disadvantages. Contained PropeI lant Supply'

In another early HHMU design (Fig. 2)

! a thumb-operated lever wos used to switch The size and shapeof HHMU grips
from a tractor to pushermode, but this varies with the s.ze and strength of the
action was also too difficult to allow the hand and with the personal preference of
use of pressurized gloves, the user. Gemini HHMU grips were

V.7.4
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modified several times "_ accomrrK)date Two ceupllng designswere usedon
the astronautsusing them. One universal Gemini Hand-Held Maneuvering Units.
feature incorporated in the grips was to A simple unvalved screw-or_ cbnnection
make relief grooves in the grip to mate was usedon the Gemini IV unit and was
with the palm restraint wires in the glove made in the pressurizedcabin. The same
in order to eliminate pressurepoints on the connection was used on the Gemini VIII
hand. Current Hand-Held Maneuvering backpack HHMU, since the connection
Uni+s have a removable grip that will was made prior to launch. This cor,ffgura-
allow custom fitting, if necessary, rion incorporated an emergency shut-off

valve upstreamof the connection, which
could be used to terminate flow to the gun
in case of a control-valve failure. The
couplin_cwas keyed to keep the emergency

- shut-off valve within reach of the
astronaut's left hand.

_ On missionsfor which the HHMU would
be coupled to its gas supply line during

ql_l_" r was used. This coupling was also keyed
1 EVA, a push-to-connect valve coupling

to prevent emergency-shut-off valve
rotation. The coupling section wi,_hthe

least connection force in the pressurized. condition was placed on the supply line,
" since any residual pressurein the HHMU

: could easily be dumped.

Fig. 7. Gemini VIII HHMU and Backpack
Supply Line Coupling and Shut-off OPERATIONAL REQUIREMENTS
Valve

Probably the least challenged advan.- .
tage of the HHMU from an operational
standpoint is its compactness. This

"- compactnesswas especially important on

"t_, i_k. the Gemini spacecraft, on which stowage

room was a_"a premium. With the tractor
arms folded, the envelope of the Gemini

-, Hand Held Maneuvering Units, including

coupling and shut-off valve, was
, - approximately 16.5 by 6 by 2 inches.

__. "-- The AAP M-509 HHMU measures11.5 by .
_i! 5.5 by 2 inches.

' The Gemini I\' HHMU was ,Jsedwith a
self-contained propellant supply. Oxygen

i was used as the propellant gas to prevent
;r

|
I _..- dilution of the cabin atmosphe:_- in case

of propellant leakage. Two 406_-psig :_
! bottles were conn, cted to a manifold that

I i Fig 8. Gemini X and XI HHMU With oorted the gas to a shut-off vaave. A
i Umbilical Coupling and Shut-off regulator downstreamof the shutoff valve

Va!ve delivered oxygen at a pressureof 110 psla.

t V.?.5
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and at a rate of 2 Ib/min. _is assembly Freon-14 was usedas a propellant for
was stowed with, but disconnected from, the Gemini VIII HH/V1Uto increase total
the HHMU in a stowage box measuring astronaut change-ln-veloclty capability.
18 by 6 by 4.5 inches. The specific impulse of Freon-14 is

lower than the specific impulse of nitrogen
On the Gemini VIII Mission, the but the greater density of Freon-14 pro-

HHMU propellant was supplied from a vided a net gain in total impulse with a
backpack. 1%epack contained two relatively small percentage gain in total

tanks. One _ank supplied oxygen toothe system weight. The expansion of the
i astronaut, and the other tank suppli .d F,eon-14 from 5000 to 110 ps_resulted in

Freon-14 to the HHMU. temperatures as low as -150°F in the
HHMU. Teflon cryogenic sealswere used

On the Gemini X and XI Missions, in the HHMU control valves and emer-
, nitrogen was supplied to the HHMU gency shut-off valve to permit operation
i through umbilicals. The umbilicals also at the low temperatures.

supplied oxygen to the.astronaut and
provided communication and biomedical Nitrogen was used as a F.opellant for
instrumentation lines. The nitrogen was the Gemini X and XI Hand-Held

! rou*ed through aluminum tubing from a Maneuvering Units. Adequate iotal ira-
! tank in the spacecraf_ adapter section to pulse was available from the storage
1 a recessed panel behind the hatch, rne system mounted in the adapter section of

tubing was clamped to the spacecraft at the spacecraft, and the temperature
numerouspuints to provide heat shorts resulting from expansion was high enough IV-
into the structure for warming the gas, to allow the use of conventional fluid-

, which was cooled during use as a result system components.
of adiabatic expansion. A quick-
disconnect coupling and a shuto_:fvalve Like the Gemini IV HHMU, the AAP
,"ere provided in the recessedpanel for M-509 HHMU will use oxygen to prevent
conne.:ting the nitrogen line in the dilution of the cabin atmosphere.
umbilical to the nitrogen supply.

The useof cold gases for HHMU propel-
A summary of configuration and per- lant during the Gemini EVA Program1

forrnance i .formation is given in Table I. permitted rapid development of flight-
i As shown i,, Table I, the cold-gas Hand- ready hardware and rapid changes of _ill_
' Helc_Maneuvering Units have a variable configuration to meet new requirements

thrust of 0 to 2 lb. Airbearing training as they evolved, but did not represent a
and flight experience to date have high degree of efficiency because of the
indicated that a 2-1b thrust level is inheren_ low specific impulses available
adequate for HHMU maneuvering. The with cold ga_es. J
control valves in the Gemini Hand-Held
Maneuvering Units were designed to be In order to develop a more efficient
partially pressure balanced. A slight dif- HHMU for the future, Recket Research
ferentlal area being acted on by gas Corporation, under cor_ract to the NASA
pressure tended to cause the valve to be Manned Spacecraft Center, is developing
cl'_sed. Additional closing force was a binary hydrazine r:.lonopropellant.-fueled
provided by a spring, and an increase in HHMU.
triggering force was provided by the spring
as the valve was opened. Thisarrange-
ment allowed control of thrust level, as HYDRAZINE HAND-HELD

! well as of duration, and proved to be MANEUVERING UNIT
useful for slow but precise maneuvering.
This metering capability has been The Hydrazine Hand-Held Maneuvering
improved in the AAP M-509 HHMU b>, Unit (HHHMU or H3H) is directed at im-
reshaping the control-valve poppet, proving the propulsion efficiency of the
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i
.i HHMU through incorporation of hlghe_ Inconel X, promote essentiaily no decom-
' specific ;r_oulseand higher density liquid position (incompatibility) with the
i monopropeilant fuel. Under NASA tAan- propellant mix at temperatures up to
! ned Spacecraft Center Contract NAS 9- 160°F. Thisexcellent storage thermal

5617, Rocket ResearchCorporation per- stability is further exemplified when cam-
! farmed analytical and experimental pared to hydrogen peroxide which

studiesof catalytic decompositionreactor undergoes decomposition with essentially
! assembliesutili_ing 51 percent hydrazlne/ all materials of construction, even att

49 percent water. This program, the first temperaturesas low as 70°F. Currently,
of two (2) contracts, was directed at de- storage testsare still in progressat am-
velopment of a hydrazine-based fuel/ blent temperatures, and after 40 months

: thrust chamber assembly (TCA) which satis- there is no sign of decomposition. An
: fled the following criteria: A unit (a) additional safety feature of the 51/49 mix
l capable of producing a maximumallowable noted during the courseof the extensive

exhaustgas stagnation temperature of firing and propellant handling program is
! 500°1:; and (b) capable of a systemstorage the fact that a propellant spill will not

temperatureof o60°F. Thisprogram had result in a fire or any apparent combus-
three (3) maj_;-objectives, as follows: tion hazard. In summary, basedon tests
(a) to identify and fully characterize a conducted during Contract NAS 9-5617
suffable propellant blend; (b) to develop and extensive background data on hydra-
a-catalytic reactor utilizing Shell 405 zine and hydrazine-based propellants, it
catalyst to decomposethe selected mix- is concluded that the 51 percent N2H4/

. ture; and (c) to demonstratesafety . 49 percent H20 propellant mix is an ex-
marginswhich,would permit the TCA/ tremely safe monoprope!lant, exhibiting
propellant mixture to be considered for stability, handling, toxicity, and
manned applications, storage properties equal to nydrogen per-

, oxide in all respects. Additionally, the
Tosupplementand substantiate safety mix hassuperior freezing-point and low

characteristics and physical properties of exhaust-gas-temperature ch.aractel;stics.
.*hehydrazine/water propellant, extensive
safety,and characterization testing of the Thrustchamberassembliesat a nomi,_al
51 percent N2H4/49 percent H20 propel- one (I) pound and two (2) pound thrust
lant was unJertaken under Conh'act NAS level were designed, fabricated, and
9-.5617. evaluated to arrive at a baseline configura-

tion for the 51 percent NzH4//49 percent
The propellant mix was subjected to H20 propellant. Figure 9 illustrates the

standard CPIA liquid propellant card gap, design which, includes a 25-micron absolute
drop weight, and thermal stabi'ity tests, multiple disc filter integrated into an in-
aswell as to ASTM standard flash und line relief valve body and a catalytic e
fire point tests. The propellant mix reactor. The in-llne relief valve cracks
demonstratedstability and safety charac- at a fluid pressureof ] 5 _:0.75 psi and re-
teristics slightly superior to anhydrous seals (zero leakage) at 10 psi to provide
hyclrazine and hydrogen peroxide mona- positive propellant shut-off at the injector
propellant, as depicted in Table II. inlet. Thisvalve is actuated by depressing
Atmther index of propellant safety is the HHMU trigger, which increasesthe
storage stability. In the case of a mona- fluid pressureat the valve, causingthe
propellant which can be catalytically valve to open. This in-line relief vclve
decomposed, this can be a serious servesas a meansof improving start and

i limitation. For this reason, extensive tailoff responseby providing a mechanical
r storage stability testsof up to 60 days shutoff near the reactor, thereby elimin-

were conducted at temperaturesranging ating prolonged tailoff and fill times, such
i from approximately 70°F to 160°F. These as would be experienced if total shutoff
! testshave shown that 6AL 4V titanium, occurred in the HHMU trigger assembly.
i 300 seriesstainlesssteels, teflon, andt.

I
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As a result of the low stagnation gas tem- tion to evolve a Handle/Thruster M.Jdule
perature, 321 stainlesssteel is utilized H/'TM) design. A modularized quick-
throughout the unit for materials of con- change Propellant Tank Modu (PTM)Iewas
struction The reactor employs an upper car,figured to mate with the H/TM to form
bed of 0.'3 inch of 20-30 meshShell 405 the HHHMU, shownin mock_-upform in
catalyst and a 1.6-inch 1/8 by 1/16 inch Figure 10.
pelletized !ower bed. A bedloadlng of
0.00£ Ibm/in2-sec at a 70-psia chamber .;-_=_-_-_-.-_-_-
pressureproduced a characteristic exhaust " " '-:_:
velocity of 2260 ft/sec and an exhaust gas :,, :.
gemperature of 487°F at a 70°F propellant
inlet temperature. Decompositionoccurs _ ..::
at zero percent ammoniadissociation, re .... ,.,
suiting in nitrogen, ammonia, and super- .-
heated water vapor exhaustproducts.

.°-.-

The injector is a five (5) element : ..
showerheadwith 325 meshstainless".creens ':"
upstreamof the injection o,'ifice inlets to
preclude migration of catalyst fines into the

_i feed passagesduring the launch vibration
i period. The TCA was not expected to
: operate at expansion ratios beyond 5:1 be- Fig. 10. Hydrazine Hand-He_d Maneuver-

. i cause of nozzle recondensation phenomena, ing Unit Mockup
i However, altitude testsat E = 30-1 produced

no evidence of homogeneouscondensation,
and vacuum specific impulsesgreater than While incorporating many o_ the design

i 130 secondswere measuredat altitudes in features of the HHMU, the _$1Jis a new
i excessof 100000 feet. unit designed to incorporate the 51 percent
! N2H4/49 percent 1"120liquid monopropel-
i The TCA surpassedits design require- lant. In addition to utilizing new i_aterials

"i mentsby an ample margin and performed of construction, two (2) 1.4 Ibf thrust
t satisfactorily in a series of overstresstests tractor and one (1) 2.8 Ibf pusherthrust
' to evaluate safety aspects. Table III chamber assemblies, utilizing Shell 405
i summarizesthese tests. During the course spontaneouscatalyst, have been incorpora-
i of Contract NAS 9-5617, 62000 seconds ted into lfle handle assemblyto permit

of burntime and 12000 reactor on/off decomposition of the low freezing point
t cycles were accrued with the 51 percent (-7-/°F)/Iow exhaust gas temperature
• N2H4/49 percent H20 propellant mix. (500°1:) propellant. As illustrated in the
i Overstresstesting verified design integrity systemschematic in Figure 11, liquid pro-
! in areas of thermal design, low temperature pellant flow control is accomplished in the .
: ignition capability, and high/low chamber handle with a manual on-off throttle valve
' pressuretests, and c,manual shuttle valve, which directs
i the propellant flow from the tractor engines
-_ Basedupon the results of Contract NAS (primary engines) to the pusher engine. As
i 9-5617, the second phaseof the HHHMU discussedpreviously, an in-line reliefi "gl

program (Contract NAS 9-6909) was ini- valve is incorporated in each thrust cham-
tiated, wherein the 51 percent N2H4/49 ber assemblyto provide positive propellant
percent H20 propellant, the 1 Ibf and shutoff near the reactor.
2 Ibf TCA's design criteria, the results
from the material compatibility study, and Propellant is supplied to the handle and
H3p systemlevel sizing analyses were thrusters (H/TM) from a quick-change PTM.
integrated with the NASA Manned Space- Each PTM cc_talns a nominal 250 Ibf-sec
craft Center AAP M-509 HHMU canfigura- of propellant, which is fed through a
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_ quick-disconnect assemblyto the H/'TM by (nominal) and the bedloading increased to
a 347 welded stainlesssteel bellows F_si- 0.015 Ibm/'in2-rec, corresponding to th,.
tive expulsion device. Each H/TM is 1.5 nominal chamber pressurelevel demon-

designed to consumeten _10) 250 Ibf-sec strafed during Contract NAS 9-56!7. Each
i propellant loads. The H ia is operated in tractor unit produces a ncminal 1..4-1bf

3 to 1 "blowdown" pressurization mode, thrust initially and blows down to 0.5 Ibf
with an inltlal tank pressureof 165 psia. at missionend. Throttling over a 1.4:!
During storage periods, the gaseousnitro- range can be accomplishedanywhere with-
gen pressurantis stored in a small cartridge in the blowdown range. Similarly, the
within the PTM at 2000 psia. Pressurant 2.8-1bf thruster pusherunit is basically the
fill/vent, isolation of the pressurizing gas sameas the earlier TCA, except that the
from the propellant tank, and isolation of nozzle has been rotated to provide proper
the liquid propellant from the H/TM is pitch and yaw control ar,d the filter/in-
accomplished by three (3) color-coded line relief valve package redesigned to
manua/needle valves, which are inteq_al conform to a 90° packaging requirement.
with the PTM. This unit produces 2.8 Ibf initially and

blows down to 1.0 Ibf. Bedloadlng and
The modular design approach has been chamber pressureare essentially equivc-

utilized to improve packaging and to per- lent to the tractor TCA. Figure 12
mit PTM interchangeabillty which moni- presentsa photograph of the tractor and
fests itself in extended missioncapabilities, pusher TCA with test pressuretaps in
Each 250 Ibf--sec module has a 165-second place. A plastic grip covers the handle
nominal burntime. Humanengineering of skeletal structure and can be removed and
the basic Flowcontrol handle, needle volve replaced with customcontoured grips, as
handles, the tank £rlp assembly, the PTM required. The ,"riggersare clear anodized
thumbrelease lever_ and definition of the 6061 -T6 aluminum. Thermal analysespre-
launch mount interfaces have been pro- dicated upon assumedmissionprofiles have
vided by NASA-_C engineering person- resulted in low--emissivitysurfaceson the
nel. reactors, handle grip, handle body, and

the tractor armsand in high-emissivlty
The Handle/Thruster Module consistsof surfaces on the h actor in-line relief valve

a 321 stainlesssteel body structure which bodies (C== 0.80 Sicon R paint). All of
contains a 321 stainlesssteel on-off the low-emissivity surfaceshave a value
throttle valve (1.4- 1 flow control) and a of 0.20, with the exception of the tractor
two (2) position shuttle valve. Sea!sare arms, which are wrapped with a pressure
ethylene propylene O-rings, and valve sensitive aluminized mylar tape which has
return is provided by 302 stainless steel an emissivity of 0.05. One of the PTM to
springs. Inlet filtration is provided by u H/TM interfaces is through dne forward ,
25-micron absolute Vacco multi-segmented thumb release latch bracket mount. This
filter which mateswith a low sprayvolume mount interface is utilized to dump thermal
Snap-Tite stainless steel quick-disconnect energy to the PTM and, hence, results in
nipple. The tractor arm and cam assembly a Iow-emlssivity surface (f. = 0.20) on the
is constructedof 321 stainless-steel and pusher TCA in-line relief valve body.
contains friction washersand O-rlng s_als
to permit locking of the arms in the ex- The Propellant Tank Module consistsof
tended position while providing leak tight a 347 stainless steel aft closure assembly
joints. The tr=ctor TCA assemblyis the joined by welding to an all-welded 347
same basic construction as the Contract st,.inless steel bellows assembly. Integrated

t NAS 9-5617 TCA, except that the relief into the aft closure is a stainleu steel
valve flange has been removed and the quick-disconnect coupler which mateswith
30:1 nozzle section has been rotated 90° the H/TM. During storage, a dust cover
to permit improved packaging. O_amber is attached to the coupler (as well as the
pressurehas been boosted to 100 psia nipple). While the quick-disconnect
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_ l, _ ..... utilized to permit actuation of the manual

_ valves. A thin coating of clear anodize is" _. applied to the nighly polished aluminum

?_< _'_ " 7J_! tank shell to provide protection of the shell
_,_ _dglL r_'," lr- rlr "" _ "-

_;lfi_JJ_ ' _ . • during humidity exposure. A surface emls-
"_:: sivity of 0.2 is attained. To facilitate H/

> 1.1,__ .... _:::_ ._ TM to PTM couple/decauple operations, a

_'_:. • :_: _¢4-__U stalrless steel tank grip has been integrated
._ _ -v _ into the PTM to provide a convenient grip
-":._ _.:9_ :_:._ point. A stainlesssteel lurch bracket

< _ L-i I. _ assembly secures the PTM to the H/TM.
:" - _ _,:<:'_...... Table IV presents the environmental design

requirements for the HHHMU; Table V sum-
:_._ ' " " " - marizes the performance characteristics;

•,_'. _I I " J :_7_ and Table VI summarizessalient operating

_:" --"t" :--_llli_; _!:: loadswhich the astronaut mustapply to
_t _._. ._. -<v:_:: : .. operate the unit.

_t: _-

:, .:.°:%:::-,>._-)' The following table summarizesthe
:. _ :_;::+-_.; D':.:. weight and envelope of the H3p:

'i _lilpIllt_ii_'tl . :': ,:-: _ - [::)r)#Weight

: PTM, Ibm 8,09
Fig. 12. Tractor and PusherTCA H/TM, Ibm 5.60

H31s 13.69

Serviced Weight 15.97
coupler provides a redundant seal feature,.(

i primary propellant sealing is accomFlished Stowed Envelol_e .
i with a manual stainless steel needle valve
II which isolates the monopropellant in the (inches)

PTM. A visual pressuregauge is also PTM 12.2 by 6.8 dia.
! integrated in the aft closure and serves, H/TM 19.5 by 10.2 by 4.0
Ii upon actuation of the pressurantisolation "
:. valve, as a go-no-go indicator by pro- H3u Envelope
i viding an analog reading of the initial
I tank pressure. During EVA periods, the (inches)
,i gauge also serves as a propellant de- Deployed 13.5 by 11.5 by 31i

pletion indicator and has color bands
i indicating percentage of propellant re- Contract NAS 9-6909 requires develop- ,
I mainlng. The bellows is contained in a ment, formal qualification, and delivery
t 6061-T6 aluminum shell with a TFE teflon of end-item hardware to NASA-MSC. All :,

I : bellows guide to preclude damage to the development activities have been cam-bellow- weld bead during dynamic testing, pleted, and the qualification H31_'sare
i The bellows can be loaded with 2.28 undergoing acceptance t_sting prior to
:! ' poundsof propellant and has exhibited ex- initiation of module level environmental=
! pulsion efficiencies in excess uf 96 percent qualification. Following module qualifi-
, following randomvibration at 110 percent cation, the H31Jwill be subjected to a

of quallfication levels. The forward 21-mission vacuum firing test program at <
closure is constructed of 321 stainless steel tempelatures of +10°F, ambient, and
and includes.a manual-fill/vent valve and +120=F. Qualification testing will be
a pressurantisolation valve. Three-lobed culminated with a sea-level manned firing
color-coded cast aluminum handles are test of a unit which has completed ten (10) , .
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._ _ ENVIRONMENTAL REQUIREMENTS
I

TABLE IV

Operating Temperature

N_minal Propellant + 60°F

Minimum Thruster and/or Propellant + 10°F

Maximum Propellant Temperature + 120°F

Nominal SystemTemperature

Unserviced.-

Maximum + 160°F

Minimum - 60°F

Serviced:

Maximum + 120°F '

Minimum - 60°F

Space Storage and Operation

Duration 1 year

Pressure 15.5 x 10-6 mm Hg

Relative Humidity 85% with temperature cycling
of 70°F to 100°F

Acceleration 1 to 7.25 g linearly with
time over 326 seconds-
each axis

Shock 30 g half sine wave) il + 1
msec, two (2) shockseach _xis *

Vibration Random, 8.8 g rms (profile
not included herein)

V. 7.16

o

' iN i i l lima | |

1971066602-697



PERFORMANCE CHARACTERISTICS

, TABLE V

Prelimi nary basel i ne
NAS 9-6909

Initial Nominal Vacuum Thrust* 2.8 Ibf -J:10%

Initial Minimum Va_,uumThrust** 2.0 Ibf

Final Nominal Vacuum Thrust* 1.0 Ibf

Final Minimum Vacuum Thrust** 0.7 Ibf

Delivered Tut_:l Impulse 250 Ibf-sec/Ioad :

Delivered Specific Impulse 130 Ibf-sec/Ibm

Propellant 51% N2H4/49% H20 !.
Stagnation Gas Temperature at 70°F 500°F maximum

Propellant Feed Temperature

Maxi'num Number of Starts (Single TCA) 10C0 .

Maximum TCA BurnTime 1500 seconds o

i Average PulseWidth 0.25 to 7.0 seconds,!

Duty Cycle 5 to 50% -_

Response(In-Line Relief Valve Open to 90%)*** 150 msec

Propellant Tank Initial Pressureat 70°F 165 psla -_

Propellant Tank Maximum_Initial Pressureat 120°F 185 psia

Propellant ,ank Final Pressureat 70°F 60 psia

Propellant Tank Design Burst 750 psia .;

PressurantCartridge Initial Charge Pressureat 70°F 2000 peia !:

PressurantCartridge Maximum Working Pressure 2200 psia '
at 120°F ."

PressurantCartridge Design Burst 8800 psia ._

External Leakage, scc/hr 0 GN 2 ' _

Internal Leakage, scc/hr 0 liquid; 2 cc GN 2
in H/TM _-

* Total forward (two (2} tractor thrusters) or a_'tdirection (one _1] ' . ,
pusherthruster); handle in full open position. ",f _-

** Total forward (two (2) trcctor thrusters) or aft direction (one (1) J. _;

pusher thruster); handle Znminimum flow position. !. -.

*** Warm be,elconditions. ,_;.;!

.e ,

............. ,' o"d_:_,
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250 Ibf-sec missions. During preliminary 1his increased total impulsecapability
qualification, the ,_13tjde,nonstrated its could be realized by simplyproviding ad-
obilih/ to perform satisfactorily in over- ditional propellant to the H/TM. Addi-
stressconditions with 250 Ibf--sec vacuum tional propellant could be supplied by
firi,:gs at H3p conditioned to temperatures l) carrying more PTM's, 2) developing an
of 0°F and +I30°F. Boththe PTM and in--orbit PTM refueling capability, 3)
H/TM satisfactorily passedrandom v_bro- develc.ping larger capacity PTM's which
tion testsat | J0 percent of qualification could be configured as part of a backpack
levels. 1he needle valves, quick discon- and 4) by providing propellant to the
nect, bellows, visual pressuregauge, _'TM through an umbilical from a storage
in-line relief valves, and the on-off tank aboard the spocec:afl.
throttle valve were subjected to overstress
cycle testi-_j and all passedsatisfactorily. Additionally the throttleability of the

reactors (over 10 to 1) representsa means
W_ije Contract NAS °-6909 is directed for providing ii,creased flexibility to the

at demonsffu'tion and qualification of a current throttleo/pulse modLlated opera-
250 Ibf-sec baseline H3p, the ir,herent tional mode.
growth potential of the design suggestsper-
formance improvements in the area of Performance of tee reactors can be in-
reduced weight, improved throttleabillty, creased by the direct substitution of the

increased total impulse,and increased 1150°F exhaustgas tem.pe_tu:.e, 72.5specific impulse. For example, the jud.- oercent N2H4/27.5 pert _nt H20, Propel-
claus utilization of 6AL 4V titanium as the iant (-40°.1: freezing paint) uti;izecl for
primary material of construction in lieu of off-limit trots during Contract NAS 9- °
stainlesssteel will result in a rcent3! 5617. l_,ls upgraded mix will produce a
dry weight reduction in the "t/TMpeanda vacuum speci_c impuise of 158 Ibf-sec,/
25 percent dry weight reduc:ion in the ibm at £ = 30:i and increase the total im-
PTM. pulse of the baseline H3p from 250 Ibf--sec

: to 304 Ibf-sec. Fowthe same launch weight
i As previously discussed, the reactors, as the baseline system, a ten (10) tank
_! L o I °

w,,ic,_ _e the heart of ti_: I-Pij system, PTM mission would deliver an addironal .
. hove demonstrated an 8000 Ibf-sec (2 Ibf 540 Ibf-sec, or approximate |y 178 seconds
i thrust TCA/4000 secondsburn time) capa- of burntime. Expansionratios in excess of
, bility with the 51 percent/49 percent 30:1 could probably be entertained with
! propellant blend without indication of per- the 72.5 percent N2H4/27.5 percent 1"120
i formonce degradation. Direct application mix in view of the higher water vapor
_. of this single TCA endurance demonstration superheat (I 1500F vers_s 500°19, thereby

, results in a minimum total impulse capa- increasing the specific impulse by an ad-
bility of approximately 8000 !bf-sec for ditional 3 to 4 percent.
the H/TM tractor engines. 1his represents

, a 3 fold increase over the baseline quail- Should additional performance be re-
• fication level of 2.500 I_)f-sec, i.e., ten quired, a ternary hydrazine mono;_ropel-

:' i (10) 250 Ibf-sec loads. In practice the lant with a -20°F free-'ing ix)in, co_,_abe
! _ minimum deliv_able total impulse would utilized with the H3p, c,hneuah the reactor

be _:eater than 8000 Ibf-sec as the p_._.her would require redesig_ to withstand the
: ! engine (2.8 Ibf initial thrust)would be increased thermal so_cback to the injector

I utilized some fraction of the time thereby under pulse modeoperation. At t; = 50:1,adding additional impulse capability to the a 226-second vacuum specific impulse is
H/TM. Secondlyl a life limit value has produced with a 1900°F exhaust gas tem-

I not defined reactors and it is perature. Reactor testsat the 5-1bf thrust
been for the

anticipated that _ on-set of performance level have verified per,rornmnceand
degradation is well beyond the 4000 second reactor design for this ternary blend.
demonstratedvalue. Materials of cons,ruction of the baseline _'_
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systemare compatible with this ternary
blend.

Uprating of the reactors to produce
higher specific impulse is contingent,
however, upon the ability of astronaut
suit materials to withstand the increased
temperatures of the exhaust gas plume.
Fundamentally, the H3p can be ul_rated
with minimal impact to the current base-
Iine design configuration.

f

; The development of the H31Jhas not
only provided a more sophisticated, higher
per_0rmance maneuve:ing unit but has also
provided technology and hard,rare that is

: adaptable to other HHMU systemsand pro-
: pulsion systemsas well. Cold-gas Hand-

Held Maneuvering Units,though less
efficient might still be useful for manelt-

- verlng around objects ilke camera or
telescope lens systemsthat could be con-
taminated with combustion products from
liquid fueled devices. 1he compactness,
lightweight, operational versability and
uncomplicated astronaut interface of the
HHMU ar_l 1"131Jfavor their ut'iization in
the Fjture either a: primary EVA n_neu-
vering devices or as supplementsor backups
to their more sophisticated integrally
stabilized cousin_.

t

V. 7. 20

p

1971066602-701



NKHANICALDEVICESFORZEROGRAVITYSINULATIOll

Vaughn H. Yost

NASA-MAP, SHALL

air bearing systews, air bearing cart thrust system
SUM_RY development, devices for supporting band tools and

serpentuator, and the use of mechanical simulators.
Mechanical simulator 6evelopmeot conducted in

support of the Apollo Applications Program and in
r.nUeipation of future programs is sun_.-na.ized in MECHANI CAL S IMULATORS
this review. Mechanical simulators that have been
developed are illustrated and their characteristics
describcd. Results are reported on inve_Ugations of FIVE-DEGREES-OF-FRE_X)OM SIMULATOR
air bearing systems, air bearing cart thr_;t systems,
and devices for supporting hand tools and Ute serpen- L General Information _-
tuator. Applications of mechanical slmulat_rs are
also ;llustrated. The five-degrees-of-freedom simulator is an

aluminum L--amework mounted on air-bearing pads.
Yaw and horizontal translation in two directions are

INTRODUCTION ob_nedby moving the entire simulator on its air-
bearing pads. Pitch and roll L_otiovs are obtained
through gimbals mounted with ani:i-fricUoo bear_.ngs.

The Manufacturing Engineering Laboratory divides Pitch is the only motion that is limited. This simnla-
earth orbital weightless and lunar gravity simulation tor wa_ designed to be used with :he Lunar Gravity
devices into two categories: mechanic_ and neutral and Earth Orbital Simulator that L_described in this
baoyancy. Mechanical simulators include all tho._e paper.

i devices that do not use a liquid such as wa*_er to st_p-
i port the subject, wor_piece, or tool. 2. Technical Information

?I

_ Some of the objectives of mechanical simulation The flve-degrees-of-freedom simulator consists
*z

i : are evaluation of design concepts, evaluation of hard- of three major assemblies: a cradle or seat, roll
! ware, and determining the subject's capability for yoke, and base ( Fig. 1). The cradle, or seat, sup-

performing tasks, ports the subject in an erect position and contains
provisions for adjusting the position of the subject

l Mechanical simulation offers certain advantages relaUve to the roll and pi_ch ues of the simulator.
! ; over neutral buoyancy simulation in that much less The roll yoke supports the cradle at the pitch axis ar_

preparation time is required. It can be performed by permits 108 degrees of rotation in pitch between the :
! _ a minimum of two people (a test subject and technician cradle and the yoke. The yoke also contains a system .

_ to balance him and operate the suiU and the simvla- for s_oplying ventilation, breathing, and pressuriza-1 i
_ tors can be moved to the work site. "r_e advantages tion gases to a subject In a space suit. *_•

of neutral buoyancy simulation over mechanical sim- i
ulatton are that complete tasks reouirlng vertical The "U"-shaped yoke is supported at thebase
clearance or large changes in vertical eleva,'ion can of the "U" roU bearings that permit unlimited

': be performed in one operation as opposed to breaking rotation around the roll axis. The base structure
the task up into several part tasks so that it can be supports theroll bearings and distributes the total
performed in a mechanical simulator, load of the simulator and subject to three air-bearing

pads equally spaced around the nominal yaw axis.
The research a_ development efforts in the me-

chanical simulatl,,n category are discusser] in this re- The simulator has an onboard air supply which
view under _hc 6_visions of mechanical simulators, requires a 115 Vac, 5 A, 60 Hz (60 cps) power input.

m
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]FIGURE 1. F'IVE-DEGREF'-_-OF-FREk'-'-'_@_ _-

SI]_IULATOR _-

In addition, there are provisions for supplying 0. 283
ml/min ( 10 sdm) of breathing and suit pressurization

,, air at 0.31 blN/m _ (45 psig) through, a hose to the
subject. FIGURE 2. FIVE-DEGREES-OF-FREEDOM ,

i SIMULATOR WITH CRADLE ASSEMBLY ATTACHED
: A lazy arm may be used to minimize the hos • and

: power cable drag by positioning the hose in an essenti- c.g. within the range of the vertical balancing adjust-
ally constant vertical position. Air is fed through merit. The back pack supports are attached with
rotating unions so that each of the two sections of the machine screws fitted in slotted holes to permit ver-
lazy arm is capable of unlimited rotation, tical adjustment of the back pack position over a

range of 0. 076 m ( 3 in. ). Right and left adjustment
Cradle Assembly. The cradle assembly consists of the back pack position is accomplished by selective

of the supporting structure for subject and back pack; tightening or loosening of the back pack attachment
the subject's restraint system, consisting of the torso screws. An angle on each side of the cradle is pro-
corset, leg supports, and restraining straps; and the vided for attachment of the torso corset. These

vertical and fore and aft balancing adjustments and angles _re located in the plane of the subject's back,
pitch axis ball bearings ( Fig. 2). and they establish the fore and aft positioning of the

subject. The torso corset is attached to each angle
The supporting structure is welded tubular alumi- at 4 points with 8 machine screws. Threaded screw

aura with an aluminum foot plate supported by three holes are provided on 0. 0L3 m (0. 50 in.) centers over
adjustment screws. The adjustment screws permit a range of 0. 229 m ( 9 in.) aad slotted holes in the
_lslag or lowering of the subject's center of gravity corset attachment fitting permit locating the corset at
( c. g. ) over a 0. 152 m ( 6 in. ) range to place the any point within the extreme limits. A 0. 203 m ( 8 in.)

!

!
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section of tube is welded to the back of the structure, The balancing adjustments ( Fig. 3) are built into
perpendicular to the vertical axis of this cradle. It the right and left 31des of the cradle to permit move-

is asnd for attachraent of countsrweights, if requlred, meat of'he subject's e.g. 0.038m (1.5in.) vertically
to bring the cradle and subJectts c.g. _4thin the and fore or aft from the nominal c.g. position with
range of the balancing mechanism.

The subject's restraint system confines his torso /c,ms.,.o /_,_.,f.'
and legs while his head and arms remain free. The _ // /-""

torso restraint consists of a two-piece fiberglass ____!corset. The two pieces of the corset are supported , l / J/l. "]_

by two O. 025 m t I in. ) diameter aluminum tube.._ '1_° I ia " ,-_ . _ _!
bolted to the angles described above. The two pieces i
of fl-,e corset can be adjusted horizontally to move the Font• ,,i Z

AIP_TmG _ _ "subject right or left and to accommodate different ,¢.t. '_ ] ,,._, Lo.-_m,

torso w/d_. The secuoas are cla_ped intoplaceon _*-'__ _ O _''_'.,._._1

the. tubes by the integral split ring clamps and bolts __
accessible from the front. Supplementing the corset

are restraining straps located at the following posi- -,o,._. / _o,_T.Lot,., i
tlons: shoulders, pelvis, knees, and feet. The _wo L_m,_

JeUV _ VEJ_,_AL
shoulder straps arc fastened to the corset at the ap- .fSCAL_

proximate location of the shoulder blades. Each strap _ :
is brought over the shoulder, across the upper chest, . _ _ ! __ i _.

opposite arm to attach to the cradle ------J _ iand back under the
l

_tr _cture at waist level. These straps consist of two _ _ // ._

parts that are connected together with aircraft-type, O_ / _
quick-re, ease, adjustable buckles locate0 i.1 the upper ,_.T_,_-._ so.- !

chest area. The pelvic strap is a one piece strap I
_round the cerset and subject at his hip_. it is at-

i tached to one side of the corset to prevent slipping i
, and has the same type buckle as t_. shoulder straps. FIGURE 3. BALANCING ADJUSTMENT !

i The legs are restrained at the knees by individual, respect to the pitch axis ball bearings. Each adjust- _:
i sponge-rubber padded, contoured supports attached ment consists of a crosshead and adjustment screw

j to the cradle structure. The supports may be adjusted that pzovides fore and aft motion of the cradle. The
; side to side and fore and aft. Each support has a adjast_nent screw slides through a bushing and is

continuous strap held in place to prevent slipping and locked in place by two adjusting nuts, one on each side

fastened on the outside of the knee with the adjustable of the bushing. The crosshead carries the pitch axle
t quick-release buckle, support and vertical adjusting screw. The pitch axle

I support slides on the crosshead, the adjusting screw
_ The foot plate is covered with corrugated rubber passing through it. Two adjusting nuts, one on the

• tread and is provided with semi-circular heel re- top and one on the bottom, permit vertical adjustment
| _
| tainers and a foot strap. The heel retainers prevent and locking. The crosshead has two reference scales, • :-
! the heels from slipping backward and the strap re- one for vertical adjustment and one for horizontal. :
i _ strains the feet from forward or vertical movement. The cradle has a pointer for the horizontal scale and =

! The strap is attached at both ends with adjustable there is an index mark on the pi_ch axIe suppo_ for
strap restrainers and, normally, enough slack is vertical reference. The scales permit equal adjust-

I left to permit insertion of both feet under the strap, ment of both right and left sides. When a subject has• , After both feet are in place, a locking bar, pivoted been balanced previously, the balancing adjustments
' i at the back between the heels, is dropped into place can be preset, thereby reducing the time required to

between the feet and is secured by engaging a "J" accomplish this task.
hook with front edge of the foot plate. A screw handle _*
permits tightening the "J" hook to apply tension to the The pitch axle fits into the Iz_re of a self-aligning
foot strap, ball bearing mount_ by two, bolts to the roll yoke.

!
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The axle has a threaded hold accessible from the surer is welded to the back of the structure, perpecdicular

edge. This can be used for attackment of instrumen- tn the vertical axis of seat. It is used for attachment
tation to obtain a readout on the pitch movement, of counterweights, if rpquired, to bring the seat and

subject's c.g. within the range of the balancing mech-

Seat Assembly. The seat assembly consists of anism.

i the supporting structure for the subject; the -_ubject
i restraint system consisting of the bicycle seat, back The subject's restraint system confines his torso mffi

support, and restraint straps; and the cradle vertical while his head, arms, and legs remain free. The torso
and fore and aft balancing adjustments with pitch axis restraint consists of four curved-aluminum, sponge
ball bearings (Fig. 4). rubber lined, back supports. The four back supports

i are supported by two 0.0254 m ( I in.} square alun.inum
' tubes welded to the structure. The four back supports

can be adjusted horizontally to move the subject right
or left and to accommc_ate diffex ent torso widths.

Supplementing the Lack supports are restraini.ng straps
" for the torso and pelvis. The two straps are fastene_
1
! totheupper back support._attheapproximatelocation
: oftheshoulderblades. Each strapisbroughtover

the shoulder,acros,_the upper chestand back under
theoppositearm toanGtherstrapattachedtothe

lower back supportatwaistlevel.These strapscon-

sistoftwo partswhich are connectedtogetherwith

an aircraft-typequick-releaseadjustablebuckle
locatedintheupper ckestarea. The two partsofthe

pelvicstrapare attachedtothe lowerback supports.
It has the same type of adjustable buckle as the
shoulder straps.

; The subject is held on the bicycl_ seat by two
t
i strap assemblies, one 9f which goes over each leg.

The ends of each strap are attached to the frame be-
low ar,d behind the crotch and the lower back supports.

The seat uses the same balancing adjustment
mechanism as the cradle.

__"___ Roll Yoke. The roll yoke supports the pitch bear-

/ if4 ings in a "U" shaped structure of welded 0. 076 m. . - ",..

_-- ( 3 in. ) square aluminum tubing attached to a hardened
steel shaft. The yoke permits a pitch movement of

; 108 degrees with approximately equal pitch-up and J
--_ pitch-down motion, the cradle has adjustable stops

that strike rubber pads on the yoke to limit the cradle
FIGURE 4. FIVE-DEGREES-OF-FREEDOM motion so that the subject does not strike the base

SIMULATOR WITH BICYCLE SEAT ASSEblBLY during extreme motion in both pitch and roll.
ATTACHED

The yoke also has two small tabs, one welded to

The supporting structure "s made o[ altmfinum the front of the right arm of the yoke and the other to
tubes welded together and _ bicycle seat that ts the bo,'.om at the rear center. These tabs are attach-
fastened in place with a set screw. The adjustment meat points for locking bars. Locking the pitch move-

i of the seat hei6ent permits raising and lowering the ment is accomplished by attaching a 0.025 m ( 1 in. )
subject's e.g. over a 0. 152 m (6 in. ] range to place diameter aluminum tube to the back tab and to the rear
the c.g. within the range of the vertical balancing of the cradle at about the knees. A notch in each end

adjustment. The back supports are attached with of the bar slips over the tabs on the cradle and the
machine screws fitted in slotted holes to permit hori- yoke, and each end is held secure to the tab by a ball

" zontal adjustment. A 0. 203 m ( 8 in. ) section of tube lock pin. Locking the roll movement is accomplished

]
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by attaching the roll locking bar between a tab on the Lazy Arm Assembly. The lazy arm provides for
base and the tab onthe yoke arm. Locking of one positioning the upper end of both the power cable and
axis does not restrict the motion of the other axis. breathing and suit pressurization air hose at any point

within a 3. 66 m ( 12 ft) diameter circle (Fig. 1). The
The roll axle fits through the roll yoke and the lazy arm consists of two 0. 915 m ( 3 ft) sections that

bearings. It is attached to the roll yoke from the rotate on thrust bearings to provide minimal friction
front (inside the U) by two machine screws. The axle forces. The lazy arm mounting plate is bolted to the
has a 0. 013 m (0.50 in. ) diameter passage which supporting structure and leveled. Suspended from the
connects through standard pipe fittings to a Hansen mounting plate is the inner arm, which rotate-_ about
5000 series quick-disconnect fitting at the front end the center on thrust bearings that arc concentrically
o: the left arm. This is used to provide breathing mounted around the ro,ating unions. The two unions
and pressurization air to the subject in a space suit. are tandem-mounted on the rotating axis and are capa-
The aft end of the axle has a Deublin model 20-8 ble of unlimited rotation. There's a similar rotatiug
rotating union to provide rotating freedom and a con- joint between the inner and outer arms. The outer
tinuons air supply. The shaft of the rotating union arm termim_tes in fittings for the attachment of the
extends completely through the union and may be power cable and flexible hose leading to the simulator.
drilled and _apped to prm'ide a mounting for instru- Although the nominal restriction in the rotating union
meating the roll axis, ff desired, is 0. 0063 m ( 0.25 in. } ID, larger diameter hoses have

been provided to minimize functional losses in supply
The vernier roll balance adjustment is located lines. Air is provided through a 0. 0095 m (0. 375 in. }

between the arms of the yoke to the rear of the cradle. ID hose.
It has a .'. 36 log (0. 0933 slugs} lead mass mounted to

slide freely on a threaded rod. Nuts on each side A force of approximately 0. 556 N (0. 125 lbf}
: provide locking for the lead mass. The hole in the applied at the hose fittings is required to move the
:_ lead is positioned slightly off center so that it wiil lazy arm when it is fully extended.
: hang at about a 50 degree angle from the vertical to

• : clear the cradle in the extreme pitch-up positiop. Basic Data. Figures 5 and 6 show detailed di-
The upper corner of the lead has been beveled and mensions and operating clearances for the five-
padded with rubber to minimize damage to the back degrees-of-frendom simulator. The total mass of the
pack in the event that contact does occur.

; Base Assembly. The base is an aluminum square

tube structure that provides support for the roll axle g__J-_- [ ."

 ,ee
of the base supports the roll axis approximately 1.59 _ _ _ _

i clearance for the cradle to permit unrestricted roll

,i lowestinany pitchattitudepcsition,with me cradle foot plate in the _-----___v---__±_, -._
! 78,,. (70 1 ) J

The bottom tubular structure provide_ support 0.,,. m,.._

I _ fortheairbearingpadsthatareequallyspacedona l L --- _

0. 635 m (25 in. ) radius circle a_out the nominal yaw

! : axis. One pad is directly under th,: vertical base
! member and the other two are fol_vard and to the side ' _"

to give stability. _ _(__i--i]--- _ _ :

_ The air bearing pads on 0. 019 m ( 0.75 in.
threaded rods are screwed into fittings welded to the

base.

_ The tubular base structure serves as a ple_'um ]_J__ __:___, ,"_z_; chamber to equalize air flow to the pads and minimize _" -_• r-- --- L___Z•t,,'.",_".._041 111_

i line surges. I_e input to the base plenum is locatedon the right rear side. FIGURE 5. BASIC DATA
: i

t
|
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. _ .... T he would in space, except where the subject is re-

,_ i _"--. [ quired to translate ever great distances ( Fig. 7).
"_ This isacconlplishedby designingthe experimentso

/ ,i_1, , _ thatthedesiredtestdataare obtained.

• / t \ Assume the following for the purpose of demon-
strating that the subject can produce a translation

i. _ROLL Ax,s accelerationjustas he would inspace by properly
; ..... .... "'r_---- - \\ designing the experiment:

//,/ h_/ F = force applied to the object by the subject,
,, /; x

]

\./d( I)l \ 6_.'/1 assume 13.3 N ( 3 lbf)

i ' _" _ __ F = forcerequiredtobend thepressure suit,
s givenas ,14.4N (I0Ibf)for2.41 x 104

• -- o.s_._._ v_/JJ_[X__1- _ o.-, __ Nlm z (3.5 psia) pressurization.
! ; 12! ,..) i //I)l_ _ (' -.I

I I ' ll)=Fe= _ .__x.._ ___ F = F + F
c a s

/ .__ F = force required to produce translation ofP the moving parts of the simulator, given
as 0. 58 N (0. 13 lbf)

FT = F +F +'F Da s

I " PITCHaXIS m = mass of the moving parts of the simulator,

I_; __/ /<----" -_ __r...._./ _,1.1_.(44,..)_..L/._1_'[ m = mass of subject and space suit, 91kgsnl 114kg(7 78slugs) [a weight°f 1]10 N(250 lbf) at 1 g]

s_° (6.21 slugs) [a weight of 889.6 N (250 lbf)
S6°-: I ,.

at 1 g]
1

• g = acceleration, standard free fall, 9.80 m/
sec 2 (32.16 ft/sec 2)

i

From Newton's Sccoud Law of Motion, "The change
of motion is propoztiona'., to the motive force impressed;

FIGURE 6. CLEARANCES REQUIRED FOR and is made in the direction of the straight line in which
OPERATIONS force is impressed," we can determine the subjecrs

acceleration in space.

simulator with the cradle is 90 kg t6. 15 slugs). The
cradle has a mass of 28. 6 kg ( 1.96 slugs) and the
base and yoke 61.4 kg (4. 20 slugsJ. F - F = maC 8

"_ The torques required to overcome the static F -F
friction of the simulator are the following: pitch, c sa
0. 234 J (40 in. oz); roll, 0. 494 J (70 in. oz); and m
yaw, 0. 007 J (1 in. oz).

ACTION-REACTION FRE E-FA LL SIMU LATOR 57.7 - .t4. 4
a = 91 = 0. 146 m/see 2 (0.5J ft/sec 2)

1. General Information

To preduce the same acceleration in :he simulator,
The action-reaction free-fall simulator or six- it is necessary to change a parameter(s) that will pro-

degrees-of-freedom simulator is a mechanical appa- duce the correct applied force, F , and not degrade thea
ratus that allows the subject to react to any force as test data. Solving for the total force, FT, we obtain

VII. 7. 6 ',
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FIGURE 7. ACTION-REACTION FREE-FALL SIMULATOR

F T=ma=(rn +m )a Aforceof 16.12 N ( 3. 631bf) *.obend the suit can be
m s obtained by reducing the suit pressure to L. 19 × 104

; F T = ( 114 + 91) x 0. 146 = 30 N ( 6. 75 lbfl N/m2 _t. 74 psig).

The s_nne analysis can be done for the other

i F T = F + F + F degrees-of-freedom for the action-reaction free-fall .
a s /a simulator.

Since F is an inherent characteristic of the
2. Technical Information

simulator, it cannot be changed. _ssume that the

F a is to be the same as it would be in space. This The subject is strapped into a fiberglass harness
that both positions him properly in the glmbal axis

leaves only F which can be altered.
s and adjusts to fit anyone between L. 65 and 1.86 m ( 65

and 73 _n. ) tall. The test subject is supported in

F s = F T - Fa - such a way that he can rotate freely about any axis.
F# He is capable of moving to either his left or right

side, forward and backward, or up and down. t Fig.

F s = 30 - t3. 3 - 0. 58 = L6. 12 N ( 3. 63 lbD 8. ) In other word_ this is a six-degrees-of-freedom lsimulator.

wL 1

i
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ADJUSTI_IG

SCREW r ? 16) HARNESS _ I_S[IAINING

SOR,O,,.,. :?o'?................. _;
ASSF*'.MILY (-_ O)

\
// _ FOOT iliSrlAlNt', LIEFT ItAND I I I|1

AIR PAD PLATFORM I-_ O_ , a. ¢O_JTROL

FIGURE 9. ADJUSTING HARNESS ASSEMBLY

/ DACI( RESTRAIVT LIFT NARD ( Il)

FIGURE 8. ACTION-REACTION, _'REE-FALL

SII_IU LATOR wI,_HT "
ARM, LIFT

The harness alh, ws the astronav" _ leg move- /__: L

ments (Fig. 9), while counter-w_igh...g them in any
nosition, and keeping his center of [_.v':,_ity in the

same place. ( Fig. 10). The gimbal ax: and harness L,,. De,_. ,
have a built-in air line for breathing at, _ scale suit scR,, N,N_u, ,-• (-I;1')

pressurization and cooling. This allows 'he _uhject /
( ! ID

f ",

to train for weightlessness either with or v,_.:h.ut his soLE,, e_
o_

suit. solE,, .-" SOCEET .EAO

rl-_) ,. _ .DIIIN_ CA_ $CRIW I I t4}

To a!l.w the astronaut to move freely horizontally, _'_ * "f-" _'TLJ_. ,

the simulator is mounted on four almost frictionless /_:_ "_
air bearings. This, combined with the small mass of I

the simulator, less than 114 kg (9. 33 slugs) gives

almos_ no resistance to movement through its 1.83 x

3.66 m (6 x 12 ft) horizontal _orking unvelope. Nega- _0_

tor springs, which resemble a belt wound on a spool.

are attach_l to the gimbal axis. By mounV.ng sets of

spring3 as shown in Figure tl, the springs can exert _,.R_=D..,.*,.,. ,TvP,EA_*STHA, --

; any constant force ov-r their six feet of vertical LE''"AN_"'''
J travel. ,. |ok¥ ( ' ,4)

l HARNESS MIDSECTION, LIFT HAND i I I)Adjust._ents of the simulator can also be made to

i lift five-sixths or :wo-thirds of the test subject's mass.

t In this way, Lure r, Mars, and Venus gravity can be FIGURE 10. ADJUSTING HARNESS ASSEMBLY

: j simulated. 1
!

g

t VII. 7, 8
?
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j 2ase and Support Structure. The base strw,_ture_c'i"f'° consists of a welded triangular, tut_',dar duminum
.-- [__ k /0 '""'"" base that holds the air bearing pads and serves a._ a

............. '_I_:L_._ plenum forairsupply. The suppo_ structure is a___ ] ,.,,,2 rcctangular frame made of aluminum channol and ,

_f-__ welded tothe base structure. The support stru-,ttlre//_J_. _ _ _ / supports the paralklogram and transmit_ all loads *:

-,,, ,, ,,, / are two we.ldce..,:)',inure channel assemblies that

are supported ._ar their centers on the support

t' _ structure. Each arm is a Jever connecting the workpanel and platform assembly to the counterweight

__ assembly. Each arm contains six self-aligning ball-
%.--1 ._'h _m,_+=o,,,t,,**_o.,_ bearing joints for vertical motion.

o_ _ _NIII CtOCgmSlFOl CtJlfltv !

Work Panel Aosembly. The work panel assembly,
att_-hed to the front of the parailelogr',,:xn arms, pro- !-

FIGURE tl INSTALLATION OF EXTENSION rides a ,,ertic_l mounting surface for work objects.
I SPRINGS

Platform Assembly, The detachable platfc;_'m is

LUNAR GRAVITY AND EARTH ORBITAL SIMULATOR p', ¢ided for a walking or foot placement surface for 1 :'t ex!_eriments oth-r th_n those performed in zero .

[ 1. General Information gravity. An aluminum lip around the edge of the plat- Ii foz_m is provided to permit g_.avel or simulated .

} This simulator w, s designed to be used with the "moon dust" to be placed c_J the platform for more | "'i
" five-degrees-of- freedom simulator ( Fig. 12). The reallstic testing. Folding legs on the platform can _ •

-_I purpose of this simulator is to support the object the be extended for stahHity wlmn setting up the experi- :

i subject is working on. It provides four degrees-of- ments. These at_ folded out of the way during opera-
t freedom for the workpiece. Vertical translation is tion. _
I produced by moving the work panel up and down. the ..

remaining three degrees-of-freedom _re in the horizon- Air Bearing System. The air bearing system

i tal plane. The simulator is supported by three air consists of a blower and variable transformer con-
bearing pads which offer a minimum of resistance to trol, an air distribution system, and three air bear-

_: horizontal translation, ing pads. The base structure _erves as a plentm, -"
chamber to prevent air pulses and consequent bear-

, For simulating lunar gravity, the subject stands ing instability. The front two air bearing lines are

ii on the semicircular platform (Pig. 12}. A mass provided with bleed-off air valves. The rear pad

equal to one-sixth of the subject's mass is placed in uses a restriction type v_!:,c. TEe three valves and
the counterweight box. This added mass produces an the variable transformer can be adjusted to provide

: upward force o;_ :he subje-.t's feet which gives him the an even lifting force to elevate the enti,-e structure. "

. il sensation of wal_ing on the lunar surface.• AIR BEARING CAPTUBE AND TRANSFER _*
In the earth orbital (zero gravity) mode, the SIMULATOR

semicircular platform is removed and sufficient mass

is added to the weight box to bring it and the work . 2
panel into equilibrium, i. General Information " ')

2. Teclm_cal Information This simtdator was designed to provide the capa- --
bilitytoinvestlg_tethefollowing:docking,grappling --

The lunar gravity and earth orbital simmator con- mechanisms for capture and attachment to work sur- _
slstsofthefollowingcomponents: base and support faces,manipulatorsforhandlingand maneuvering of '.
structure,parallelogramarms, work panelassembly, masses, and boom dynamics associatedwi_nmech-

platform assembly, counterweight assembly, and air ,'nisms for capture, despin, respin, and insertion of -'
bearing _ystem ( Fig. 1_). cooperative and noncooperative objects in earth orbit. •

_L"
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FIGURE 12. LUNAR GRAVITY AND F_ARTtl ORBITAL SIMULATOR AI_'D

FIVE-DEGREES-OF-FR_.L'DOM SIMULATOR BEING USED FOR
LUNAR GRAVITY SIMULATION WORK

2. Technical Information provides the simulator with the same leveling effect

on an uneven floor as three air pads but with lhe load
The air bearlug capture and transler simulator carrying capacity of four pads.

( FI_, 14) consists of the following major components:
frame asse_._bly, walking beam ass -mbly, air bearing Air Bearing Pads. The pads like the one shown

pads, air supply system for pads, thruster system in Figure 16 are used on this simulator.
(Fig. 15), thruster control electronics package and

control stick assembly, transportation easters, and Air Supply Sys', _m for Pads. A Black & Decker
personnel seat assembly, l_Ianufacturing Company Model 820 EDA heavy-duty

central cleaning system unit 12 is used on this sim-

Frame Assembly. The frame 1_.0.0Is rectangular ulator.
in shape, made of square aluminum tubes welded to-

gether, and serves as a plenum for the pad air. The Thruster System. Six thrusters 6_..00are used with

front air bearlllg pads are attached to it. this sys_m. A high pressure storage sphere l._.l,
fill valve 44, regulator 46, ball valve 50__, ma-tifr, t,_

Wal...._ng Beam Assembly. The beam 35is fr_e 5_.66,solenoid valves 5__7,and tubes 53 and 5._ make up

_-- -_ to pivot in a plane perpendicular to the frame. This the oilier major components of tbc _ystem (Fig. 151.

i Vll. 7. 10
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LOWER PARA'LELOGRAM A"I

'" BEARING PAD

i FIGURE i3. LUNAR GRAVITY AI_ EARTH ORalTAL SIMULATOR

Thruster Contrcl Electronics Package an,'. Control the simulator. When tests have been completed it
SUck. A millt_ry aircraft control stick SAi2-0 elec- can be removed and so the simulator can be used for

: trically a_inates relays in the control electr_mce other tests.
package, which in turn electrically actuates the sole-
noid v_!ves 57.

-- A'.R CLEARINGSYSTEM DEVELOPMENT
Transportation Casters. These c_sters lprovlde

a means of w,_vtag the simulator other than on its air
bearing pads. When in use the pads do not touch the MEDIUM INLET PRESSURE AIR BEARING S_VST_'.M

!
floor.

Personnel Seal The seat support 28 provides a Air Bearin_ Pads. A Hovair air bearing pad
= place to attach the air supply 12 as well as support made by the Inland Division Gf General Motors Cor-

.! the personnel seat 29__. poraUon is shown in Figure 17. This pad will support
variouo loads with the pl-essures and volumes of air

3. ApplicaUon. described by the load map shown in Figure 18. Inlet
pressures of approximately 0. 62 MN/m * ( 90 psig)

A grappler developed for use as a mean.q of attach- _tre used with this pad. For the purpoGe of this
Lug spacecraft to work surfaces is shown mounted on review, this is a medium inlet pressure.

° ,
Q
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FIGURE 14. AIR BEARING CAPTURE AND TRANSFER SIMULATOR --
TOP AND SIDE VIEW
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Air Supplies. There are at least three ways of
supplying air at mediu__, pressures. They are the
following- mounting a high pressure (2063 N/cm z
(3000 psig)) _pherc and regulating equLpment on the

q _._._ device, mounting an air compressor on the device,• • . or attaching a medium pressure air line to the device.
• jQ

• LOW INLET PRESSURE AIR BEARING SYST_M
, J"

! ,_ • . , Air Bearing Pads. A low inlet pressure pad
.... designed by the Martin-Marietta Company, Baltimore

- _" / Division, is shown in Fi_.'uce IG. This cushion oper-
,_ a_ev on inlPt pressures and volumes of air obtainable

• __ _ with ,.,--.cuum cleaner motors desc:'ibed in subsequent
} •

• # . paragraphs.

• o 0' Air SuppLies. The t.._, typ_ u[ air supplies that
I f ° have been used are descrzbed below.• \

"_

_¢ Lamu Elec:ric _:odel 115250. This is a two-stage
direct air flow vacuum motor for domesUc camster

and _ank type vacucm cleaners ( Fig. 19). Since the

FIGURE 16. LOW INLET PRESSURE AIR BEARING m_,wr is cooled by dibcharge of the vacuum air from
PAD MADE BY MARTIN-MARIETTA the blower section, th_ type of unit is not suitable for

CORPORATION _ in appl/catlons where the air flow could be sealed

0.02._f0.97in.) 3/8-16JiOUNTINGSCREW

:" ,._ COLLAPSTHEI("HT /

._ 0.4.1m117ia.)

1' /.: % -" • o.41.o6,,.)\\ (..) // mh,,,'r
I \\ // ,."i:;o.oo,.

Specifications
Diaphragm Material 3032-50 Urethane Support Area @ 5. 2 pslg 192 in. _
Diaphragm Thickness 0. 050 in. Nominal Seal Perimeter @ 5. 2 psig 4. 10 ft
Top Plate Material Steel Air Inlet 1/4 in. Tubing
Top Plate Thickness 0. 060 in.

f

FIGURE 17. HOVAIR MEDIUM INLET PRESSURE AIR BEARING PAD MADE BY THE INLAND
DIVISION OF GENERAL MOTORS CORPORATION

VH. 7.14
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OPERATION ON A NO. 2 SURFACE

INFLATION HEIGHT VERSUS FLOW S___J_

2.0 1. [1 II
'' II

2, 22_4 _ 4,44|H(500 IV,.)
v Ij.l...,_ _L._..i(IoooJb

o 1.5 • A 9.070N

= I// i L-I- ,_ (2040 Ibs.)

z ,/k-

...J

I

0 10 20

AIR FLOW (SCFM)

PRESSURE VERSUS FLOW !

I I .............
(2040 Ibs.) I =_n,- ._ c(..=,,_ t; _.

° / i :: < 2,220H
=" (S_O'b,=.) ._ ,,, ,. =_,,x., ,=(_.

o FIGURE 19. LAMB ET.ECTRIC MODEL 115250 j
Io zo TWO-STAGE DIRECT AIR FLOW VACUUM MOTOR :

AIR FLOW (SCFM) FOR DOMESTIC CANISTER AND TANK TYPE "

VACUUM CLEANERS j

FIGURE 18. -LOAD MAP FOR HOVAIR XD 16009 !
|

= AIR BEARING PAD COMPARISON OF MEDIUM AND LOW INLET i

i PRESSURE AIR BEARING SYSTEMS

off for an appreciable length of time. The motor per-
t formance curves are shown in Figure 20. Curve "A" Mass. Assuming the ai_'_upply is mounted on

J shows the characteristics of a vacuum cleaner which the device, the mass of the low pressure system is ll was designed for I._mb_s older Model 15-14750 but lesser of the two. The lower the mass of simulator !

hasbeenreplacedwithModel115250.Vacuum supportingthe subjectorwork piece,th_more _
cleaners having the performance specified in Curve accurate the simulation data will be. !

i "B" draw the maximum mount of power allowable i
for #18 SV line cord when using Model 115250. Force. When medium pressure shop air lines

are attached to the device, the forces required to
Black & Decker Manufacturing Company Model produce translation are increased, th_ .by degrading

820EDA. Thisisa heavy-dutycentralcleaningsystem itforsimulation purposes.
1680 W (2-1/4 h.p. maximum) unit, for medium size I

homes and apartments (Fig. 21). Since the motor is Floor Finish. A smoother floor is required for ! :
cooled separately, this type of unit is suitable for use mediun_ irlet pressure pads ( Fig. 17J than for low _' --_
in applications where the air flow could be sealed off, inlet pressure pads ( Fig. 16), i

Vll.7.15 _-
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Plumbing. The plumbing required for a medium than the labor and materials required to make bleed
inlet pressure system costs mere than for a low In- off valves. Bleed off valves ( Fig. 24) should be. used
let pressure system. Noumet'dlic _ater pipe and with vacuum cleaner motors that are cooled by the
fittings can be used with the latter system (compare air discharge from the blower section.
Figs. 22 and 23).

MANIFOLD AND AIR SUPPLY RESERVOIRS AIR BEARIN6 CARTTHRUSTSYSTEM
DEVELOPMENT

The frame of the device may be used for both
medium anti low pressure systems. This produces a
siguifican f. weight savings. 1. Ge,Jeral Information

REGULATION OF THE VOLUME OF AIR SUPPLIED The debign criteria for this syetem were the
TO EACH AIR BEARING PAD FOR MEDIUM AND following:
LOW PRESSURE SYSTEMS

Cart Mass. The total mass of the cart less
BaH Valves. Metallic and nonmetallic ball valves

operator and item to be tested was estimated to be
can be used with either system (Figs. 22 and 23). 168 kg (II. 5 slugsJ. The masses of the epel-ator and I"

item to be tested were estimated to be 81.3 and 68. 2

Bleed Off V-..Ive. See Figure 2& kg ( 5. 60 and 4. 66 slugs) respectively. A total mass !
I

: of 318 kg _21.8 slugs) for the cart, operator and item !
to be tested was used for design purposes. !

i _. The cart is to reach a velocity of at !
'} least 1.52 m/sec ( 5 ft/secJ in less than 6. 1 m ( 20 !

i ft). [

Propellant. Select a propellant that has the _ :

i, , _ _" best specific impulse for the following characterist'cs:

i _ easy to handle, readily available, inexpensive, re-
i _' quires no protective equipment for handling or use,
[ , and the exh,_.ust products must not be toxic or nau-
, _ -i seating.
-

i ._ Utilities. No propellant lines were to be attachedto .he cart during operation. One 120 Vac power cable
: " could be attached to the cart during operation to run

the vacuum cleaner motor, thruster control system,
and item being te_ted.

[ \'
i _ Miscellaneous. Select inexpensive, lightweight,

l t commercially available hardware and use it in such a
manner as to produce a reliable minimum-maintenance io

., system, :

2. Technical Information "_

i FIGURE 24. BLEED-OFF VALVE USED WITH AIR Test Setup. The apparatus shown in Figure 25 -_
._ SUPPLY MOTORS THAT ARE COOLED BY was designed to test different propellants. Its major

DISCHARGE OF THE VACUUM AIR FROM THE components are a high pressure sphere 2_ regulator
BLOWER SECTION --8, relief valve 2_33,ball valve 11, solenoid valve 17,

and the candidate thruster 18.. This apparatus was

Comparison of Ball and Bleed Off Valves. Corn- attached to a platform scale to determine thrust levels [" :
mercially available ball valves generally cost less for different propellants and thruster designs. The

// ,

_rII, 7. 17
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FIGURE 25. TEST SE_'UP USED FOR SELECTION OF PROPELLANT AND THRUSTER

! center llne of the thruster was perpe_' 'c_ar to _e Test Results. Air was the first and only pro-
, pla_orm with the exit nozzle pointing upward. For pellant tested. It #roduc'x] faro desired resulte after

determining the velocity and acceleraUon obtainable several thzust_[ designs a_ui tubing conflguraUon_
with each propellant, the apparatus was attached to were tried. The thruster shown in Figure 27 pro--
a test cart ( Fig. 26). duc_d the maximum thrust once the flow iL_o the

inlet nozzle was changed t laminar. This thruste:-
has In_et and outlet nozzle areas equal to 4 and 2 rL_,es

_:_ :_ t_e throat area, respectively. The throat area is
: __ 3. 38 x 10 .5 m 2 ( 0. 0523 in. z). In the earlier tests the

r_ _

thruster t8 was screwed into the outlet of the solenoid
; .... valve 17 as shown in Figure 25. The solenoid valve

,: bulence decreased the maxim,JLm thrust of the mruster. _

Sp_H(_.2aSkm"1 _ ILII)* 10$ I_.) NPT ] "

_..,._u_,k)\ / IN _'"_'('"'')"" "'.1,''_°'_''''_""''

i ",_ _-- IkOl_e 10.)7 i_.) _1 F

Ir_T]l-T't_'/lTiTgT]_ • e.lt_m 1! _,1

; MCVIO_ A * A

FIGURE 26. TEST SETUP USED TO DETERMINE
VELOCITY AND ACCELERATION OBTAINABLE FIGURE 27. THRUSTER SELECTED FOR AIR

WITH EACH PROPELLANT AND THRUSTER PROPULSION SYSTEM
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The fi_w into the inlet nozzle of the thruster was
changed frc,,n turbulent to laminar by putting a pipe
nipple 10 times the pipe diameter between the solenoid
valve auC thruster as shown in Figure 26. Table I

data were obtained with the apparatus shown in Figure
25 mounted on the platform scale and a 0. 127 m ( 5 in. )
pipe nipple between the solenoid and thruster.

f _

o_

DEVICESTOSUPPORTEQUIPMEI_'I" % ..
FORMECHANICALSIMULATION

1. General Information _ _ ;

The welght of equipment, e.g., hand tools, which / ._."

a subject uses to perform tasks, cannot be effectively _._ Y
balanced with a simulator balancing system because _ zfJ"

as soon as equipment is moved, the subject is out of "_z. fbalance. If the subject Is balanced without the equip-
ment avd then handed the equipment he is out of bal- _

ance too. To remedy this situation the equipment may
be supported with a helium filled balloon. The balloon

i can b_ filled to produce a force equal to the weight of
the equipment for earth orbital gravity simulation, or-i

_ 5/6 its weight for lunar gravity simulation.

i Equipment designed for earth orbital or lunar
gravity work will not necessarily function in an earth " _. •

' gravity, one "g", environment because of its mass, ._

! deflections caused by cantilevered members, etc. /

! One way of solving this problem is to support the _
•! equipment with a pedestal attached to the platform ._

I supported by air bearing pads. These devices are . , ,,_,
t called Air Bearing Platforms. _-_. _

2. Technical Information =_ _: : ."

Balloons. In Figure 28 an impact wrench is sup- _ :?_."i_;__'_-.,

I ported by a 1.83 m (6 ft) diameter weather balloon _ %_ ": ::_'
illled with sufficient helium to provide an upward _ .° _ _l "force equal to the weight of the wrench. :_ :i "-_' _

i The balloous presently used were made especially i_,:_' _ "" _"

_i for simulation work by the G. T. SchJildfdll Company, _-_: _ii_J_ :_\. • "' Northfield, ,_assachusetta. These ballc_as are 2. 54 _ =.
J m ( 8 ft) in diameter consisting of 12 gores of tp:o ........
,i layer_ of 25. 4/_m ( 0. 001 in. ) thick polyester bilam-

inate with 2 p_asttc inflation valves 180 degrees apart. FIGURE 28. HELIUM FILL ._D WEATHER
These balloons will lift a mass up to 8. 2 kg (0. 56 BALLOON SUPPORTING THE IMPACT WRENCH

; slugs).

version including a man-seat pedestal and serpentuator _
Air Besting Platform. These platforms are de- attach bracket (Fig. 29), and t_.e unmanned version

signed to provide a stable base for simulating a near- that includes the serpentuator support bracket ( Fig.
frictionless environment by means of air bearing pads 30). The components that make up these coafigura-
operating on _. smooth le,,_l floor. Two configurations tions have the following masses: platform air bearing,
of the platform are presently being used: the manned 25 kg ( 1.71 slugs) ; serpentuator attach post and

VII, 7. 19
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TABLE I. AIR BEARING CART TEST THRUSTER ASSEMBLY THRUST TESTS

OCTOBLIt 13, 1967

M

.... _
eec psi p_l p Nz psi .N_ lbf lbf lbf Ibf lbf lbf " F

1 7 zi_, i50 2500 2400 17£. 50 188. O0 187.50 8.50 9. O0 178. 50 08
i

2 10 215 150 2500 [ 2375 179. 50 i89. O0 186, 75 8. 50 6. _5 178. 00 _9

3 12 215 15," 2500 2350 179. 25 188. 00 ] 186. 50 8. 75 7.25 177.75 70

"_ 4 15 215 150 2500 2325 179, 50 189. 90 t96, 00 8. 50 6. 50 177. 25 73

"_TOBER 20, 1967
TIME START: 10:00 a.m. TIME END: 11:30 a. m.

(_ _ _

oo o
I

i -sec psi psi psi-N: psi-N: Ibf Ibf IN Ibf Ibf Ibf " F " F mln

1 5 215 150 2500 2425 189. 75 187, 50 11.25 9. 00 178. 50 178. O0 72. 0 78. 0 6
•

5 215 150 2425 2360 188.7.5 186. 50 10.75 8.50 179.00 177. 00 71.0 76.0 32

3 5 215 150 2:]60 2500 1_7.75 185.25 10.75 0.25 177.00 176.25 71.5 76.0 2

5 215 150 2300 22_-5 187.30 J_4. 50 10.75 8.25 176.25 175.25 72.0 75.0 z "

5 215 150 2225 2175 186. £0 183.50 11.25 8.25 1_5. 25 174.50 72.0 75.0 1 i
L--

6 5 215 150 2175 2100 185.25 192.75 10.75 8.25 174.50 173.50 71.5 75.0 1

7 5 215 150 2100 2050 184.50 181.75 11.00 8.25 173.50 172.75 71.5 74.0 1

8 5 215 150 2050 2000 183.25 181.00 10.50 9.50 172.75 171.75 71.5 73.5 1

9 5 215 150 2000 1950 192.25 181.00 10.50 ._.25 171.75 173.76 71.0 73.0 1

--_-- 5 215 150 1950 1875 101. 50 179. O0 10.75 8. Z5 170.75 170. O0 71. O 72. 0 1 ,_

11 5 215 150 1875 1825 180. 75 178. O0 10.75 8. O0 170. O0 169. O0 71.0 71.5 1

12 5 215 150 1825 1775 179. 75 177. 00 10.75 8. 00 169. 0O 168. 25 71. V 70. 5 1

15 5 215 150 1775 1710 178. 75 176. 50 10. _,0 8.25 160. 25 167, 25 72. 0 70. 6 --1

14 5 215 150 1710 1550 177.75 175.00 10.50 7.75 187.25 166.25 72.0 69.0 1

15 5 218 150 1650 1600 176. 50 174. 00 10.25 7.75 166.25 165, 20 72. 0 69. 0 1

15 5 215 150 1600 1550 175. 75 173. 25 lO, 50 8. O0 18_. 25 164. 50 71. 0 60. 0 1

17 5 215 150 1550 1510 174. 75 172. 50 iO. 26 8. O0 164. 50 163.75 7". 0 67. 0 1

5 215 150 1510 1470 173. 75 171.50 10. O0 7.75
163. 75 102. 75 72. 0 67. 0 1

!

10 ] 5 215 [ 150 1470 1400 173. O0 17C. 50 10.25 0. 75 162.75 162. O0 72.0 67.0 1
i i
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FIGURE 29. MANNED VERSION OF THE AIR BEARING PLAYFORM

/ ,t
f

FIGURE 30. UNMANNED VERSION OF THE AIR BEARING PLATFORM
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bracket, 4. 45 kgl0. 373 slugs); serpentu_tor support, _p_. j_,.._ _

post and bracket, 4. 45 kg ( 0. 373 slugs) ; and the
operator's mast and safety yoke, 8. 18 kg (0. 5S slugs). • -
Each platform will support a nominal load of 273 kg
( 18. 7 slugs). The platform flotation lfft/ng height
can be adjusted by controlling the speed of the air
supply motor. When unbalanced loads are supported . "

by theplatform,itcan be leveledby manually adjust-

ing valves which restrict the air flow delivered to each •

pad. The alr supply motor is protected by a'10 A _ t "!__

combination circuit breaker/'.oggle switch mounted in L
the electrical control box. The unmanned speed con- • .'...
trol is also contained in .he electrical control box.
On the manned version the air supply motor runs as
long as the foot-tremile is depressed., and the air i

supply speed control is mounted on the operator's _ _. _--_
 .oko.The s l, iscblo

a plenum pressure of 17 220 N/m z (2. 5 psig} for -. _ ° }::<_/_:_'_

flows up to 0. 438 standard m_/min ( 15. 5 scfm). The t , ,_: "?_.c'_' -
only power requirement is single phase 115 Vac 60 Hz _ _._ ;

(60 Cps) with maximum current of 10 A. _ _" .. " ._-'_

Application. In Figure 31 the serpentuator and FIGURE 31. AIR BEARING PLATFORMS
operator are supported by the air bearing platforms SUPPORTING SERPENTUATOR AND OPERATOR
described above.

! BIBLIOGRAPHY

i 1. Air Bearing Plaffoz_n, T50-2, Final Report. Contract I'_L4S8-20855, North American Rockwell Corpora-
; t/on, Space Division, Downey, California, October 31, 1967.

2. Bread-Boarded Thru.=ter Assembly, TR SE-33-67, Contract NAS8--20083, IL_tyes International Corpcra-J
tion, Huntsville, Alabama, December 12, 1967; and Evaluntion Test Plan for the Air Bearing Thrusted
Scooter Assembly and LTV Grappler Module, December 21, 1967.

i
l 3. Design, Fabrication and Proof Testing of a Low Pressure, Air _n_zed Frictioaless Parallelogram,
_ Technical and Program Plan, and Progress Reports 1, 2 and 3; Operation aM Maintenance Instruction
! Manual for Lunar Gravity and Earth Orbi.al Simulator. Contract NAS8-20821, Mart/n-Marietta Corpora-

Lion, Baltimore Division, Baltimore, Maryland, May through October, 1967.
t

,: 4. Evaluation of Six-Degree-of-Freedom Mechanical Simulator, TI/SE-1-67. Contract NAS8-20083, :
Hayes International Corporation, Hunts_'ille, Alabama, February 9, 1967.

5. Lunar Gravity and Earth Orbital Simulator (Parallelogram), TR SE-19-67. Contract. NAS8-20083,

i iinyes International Corporation, Huntsville, Alabama, October 9, 1967.
!

6. Operation and MaIntenance Instructions for the Frtctionless Simulator. Contract NAS8-17264; Martin-
Marietta Corporation, Baltir_ore Division, Middle River, Maryland, November 20, 1963.

7. Operation Plan for Action-D.eact/on Fzee-Fall Simulator, MIT-375-14529. Manufacturing Ev_neertng i.

Laboratory, b_FC, Huntsvzhe, Alabama.

8. Upgrad,_ Lunar Gravity Simulator, TR SE-26-67. Contract NAS8-20083, Hayes International Corpora-

tion, Huntsville, Alabama, NovemberZ, 1967. i

VII. 7.23

1971066602-724



"! SIMULATION unrelated planes of action. The

forward velocity can be intercon-
The main requirement of this nected with tl'e lateral transia-

simulation project, after program- tion at any distance. This is
ming the system of equations, is to demonstrated in the following

" make provision for human logic. The example.
necessary corrective decisions, i.e.,

i when are the thrusters to be turned Examvle of Command Logic. The
on and off, must be simulated. This threet'ools d-escribed above are coD-

was done through three logic tools: bined through Boolean algebra to de-
control variables, generated func- fine all conditions requiring thrust
tions, and phases. Each will be de- action. An example of the use and

fined and an example of their corn- combination of the three logic tools
kined use given, in programming a 50-foot transla-

tion maneuver follows.
; Control Variables. A control

variable is a continuous comparison (1) Control variables are de-

of a parameter of motion with a fined for all angular displacements,
preassigned constant. The control angular velocities, and linear ve-
variable is used to define a con- locities. A few examples are:
ditton requiring a specific thrust

action. For example, a control Control Controlled
variable is usvd to compare the Variable Action
pitch with a preassigned limit.

When the pitch angle becomes greater L I = } > a roll rightthan the prescribed value, the con-

trol variable indicates a need for L 2 = .t < -a roll leftcorrective thrust.

L 3 = 0 > 8 pitch up
Generated Functions. A gen-

erated function is a rule of L 4 = 0 < -S pitch downcorrespondence between two variables

and is set prior to the beginning L S = _ > y yaw rightof a maneuver. The function, usu-

: ally a combination of step functions, L 6 -- _ < -y yaw leftis used to establish a variableJ

physical limit on a parameter of
L 7 = _ > _ pitch up rate

motion. For examnle, each component

of velocity can be continually com- L 8 = _ < -_ pitch down rate
pared with a preselected function
of the dist'ance translated. The

generated function is then used to For most of this study, the follow-
define condit-:ons which demand ing limits were used: Rotation
thrust action to control that limits a, B, and y of .26 radians:
velocity, rotation rate liwi_s &, _, and

of .06 radians per second; and
Phases. The third logic tool, lateral and vertical velocity limits

a phase, is a state in which the of 0.5 feet per second.
parameters of motion demand a
certain action. Examples of New control variables can be de-

phases are acceleration, coast, fincd through combination of othcrs,
and deceleration. The phases using Boolean algebra notation. "."
also allow coordination between means "and"; "+" means "or"; and
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SI_tULATION OF

UNSTABILIZED MANEIf_ERING UNITS*

Gerould A. Young
Major, USAF

Air Force Institute of Technology
and

Peter J. Torvik

Associate Professcr of Mechanics

Air Force Institute of Technology

SL_4ARY: A method for predictlng the performance of

unstabilized maneuvering units has been developed. The

equations of motion giving the response of man and maneu-

vering unit to the thrust produced were written for any
unstabilized unit and programmed for an analog computer.
The command decisions required of the astronaut were

simulated with a hybrid computer by providing corrective
thrust whenever certain combinations of the parameters

of motion exceed preassigned limits.

INTRODUCTION units, using as program input only

three properties of the combined
It is expected that extravehic- astronaut-maneuvering unit system:

ular activity will become an in- (1) the mass and center of mass,
creasingly important part of the (2) the moments and products of
program for space exploration. Two inertia, and (3) the thrust force
distinct forms of propulsive devices, and moment vectors. Hybrid

i stabilized and unstabilized units, analog-digital computer equip,_ent
are envisaged. The stabilized ma- was then used to record the

i neuvering unit includes a gyro- dynamic response during specific
stabilized attitude control which simulated maneuvers.

will permit traveling considerable

distances, perhaps up to a mile. Desired output data included
: The tmstabilized maneuvering unit time plots of (1) translational

contains no attitude control and velocity and displacement along
will permit only local travel, three axes, (2) angular velocity ,

.i perhaps to 50 feet from the and displacement in pitch, roll
, spacecraft. 1 and yaw, (5) an on-off thrust

profile, and (4) a cumulative

The purpose of this investi- record of fuel used. From such
' gation was to develop an analog data the capabilities of indi-

computer program which could simu- vidual units can be analyzed and
t late various types of unstabilized compared.

extravehicular activizy maneuvering
, i

* This paper is based on a thesis submitted by the first author in partial i

fulfillment of the requirements for the Master of Science degree at the i
Air Force Institute of Technology. The views expressed herein are those of tbe
author and do not necessarily reflect the views of the Air University_ the

Department of Defense or the United States Air Force. _
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DEVELOPMENTOF GOVERNINGEQUATIONS particular sequence was chosen
arbi_rarxly, but some such choice

The combined system of astronaut, must be made.
maneuvering unit, and environment
control system is assumed to respond, The translational equatiors give
as a single rigid body. Photographs the change in velocity of the system
of extravehicular activity indicate center of mass due to the th__ast of
that the posture of the astronaut the maneuvering unit.

' does not vary greatly during the
maneuver. Space suit pressurization _ = _ (I)

i of 3.5 psi makes the suit quite rig- _-
id during motions characterizedby
such low accelerations.l The mass, m, is that of the entire

i system, man plus maneuvering unit
i The motion of the astronaut is and other attached equipment. Since

referred to an axis system, X.., the maneuvers to be progran_ned are!

; fixed to the orbiting spacecraft, short and use limited fuel, no pro-
Treating this moving reference frame, vision will be made for the change
Xi, as an inertial frame introduces in mass resulting from fuel con-
errors in accelerationwhich are less sumption. The velocity _ is rela-

'. thin: 1_ of the accelerations possible rive to the origin of the reference
with typical maneuvering units. This frame. As the force _ is known in

; approximationallows an appreciable terms of the body axes, writing the
simplificationin the set of equa- components of Equation 1 introduces
tions which must be integrated. An- the Euler angles. If VI, V2 and
other set of axes, xi, having ori- V_ are the components of velocity
gin at the center of mass o£ the with respect to the reference frame,

astronaut-maneuveringunit system and fl' f? _nd f3 are the compo-
are fixed in the body and rotate with nents of _hrust with respect to the
it. In order to provide for a logi- body fixed frame, we find =
ca1 sequence of rotation corrections

by the astronaut, a modified set of _cose cos_ fl
; Euler angles, @, O and _ are defined. _1= 1 +(sine sin_ cos_-cos_ sin_)f2[(2a)

i The description of body position is m :(sine cos¢ cos_+sin¢ sin_)f3J, !
then made through the following

: sequ_nce'_. begir, ning with the x.1 and cose sin_ fl -
Xi axes parallel, (1) yaw _ degrees 1 +(sine sin_ sin_+cos_ cos_)f 2 (2b)
about the x3 axis, (2) pitch 0 de- V2= _ +(sine cos@ sin_-sin@ cos_)f3
grees about the x2 axis and (3) roll -

: _ degrees about the x1 axis. To _5= 1 - sine fl + cose sin_ f2 - (2c)
_ realign the body axes parallel with _ + cose cos_ f3

the reference axes, rotational cur- _

rections must take place in the Equating the total moment (about
• opposite sequence. In other words, the center of mass) to the time rate

(1) a roll about the x1 axis until of change of angular momentum
the x2 axis is restored to the X1-X2
plane, (2) pitch about the x2 axis to
restore the xI axis to the Xl-X 2 -_-_ „�._-_ _'+
plane and (3)-yaw about the x3 _xis _ = d (l.u) = I.= + u x (l'm) (3)
to return to original alignment, d-t"
All rotation corrections in the

maneuvers programmed in this study i
were made in this sequence. This : :
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where _ is the±angular velocity of be noted that the pitch, O, must be
the body, and _ is the inertia less than _T/2. In summary, the nine
dyadic computed in body axes. Intro- equations to be integrated are'

ducing t_e inverse of the inertia three equations {2a, 2b, and 2c_ for
dyadic, A, leads to Euler's moment the translational velocity, three
equations: equations (4) for the components of

rotational velocity, and three equa-
" _ -_ tions (Sa, Sb, and Sc) for the Euler
`" = A • - _ x (I-`')] (4) angles. These, together with the

required maneuvering unit proper-
The equations relating the rates of ties -- mass, inertia, and thrust,
change oF the Euler angles to the and the necessary initial conditions
angular velocities are for each of the unknowns determine
• the motion of the man-maneuvering

= `'1 + tan0 sin_ "2 + tan0 eos_ `'3(Sa)unit system.

= cos_ _2 - sin_ `'3 (5h) A block diagram, indicating the
• procedure to be followed in inte-

= sece sin_ _2 �cos_sec0 _3 (5c)grating this set of equatior, s is
g_ven as Figure 1.

where the components of the angular
velocity vector, _:, are with re-
spect to the body _rame. It should

: INITIAL ] INITIAL SYSTEM | THRUST MOMENT INERTIA INITIAL INITIAL

POSITION VELOCITY MASS t.__ VECTOR DYADIC ANGULAR EULER

.4. VELOCITY ANSLE$

, So i/o I THRUST FORCE I rao
VECTOR

• J i1
v-; . ; ".

i JTRA,,SLATIO,ALVELoc_L._. EULER'S.OeE.T I '
I [OUATIORS((OUATIONS2)J- ([_JATK_S([QU.*TICm4)I

] "_ INTEGRATOR I r ,.T.RATORI'----

.i

,! [ E:.ER'S,,O,E S)iE(IUATIONS(EQUATIONS

; FIGURE I. FLOW DIAGRAM OF SEQUENCE OF COMPUTATION i

-
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"'" means "not." Such combinations decel-

are L 21 = L I + L 2 + L 3 + L 4 eration P3=[(VI>F2)'P4'" (S1<35)]+
and L 22 = L 21 o • L 6' • L 5 t Thus
L 21 is true if excessive roll or [(VI>F2)'(SI>35)]

pitch does exist, and L 22 is true
if excessive roll, pitch or yaw does verti- P4=(S2>F3)+(S2<F4)+
not exist, cal or

lateral (S3>F3) *($3<F4)
(2) Functions used to limit for- cor_'ec-

wai'd velocity and lateral and verti- tion
cal translations are defined. Typical

functions, F1, F2, F3, and F4 are STOP STOP = S1>50
shown in Figure 2. These functions
are generated by the computer. These are interpreted in the folio.w-

3---r- ing manner.
PZ _ P3

zi /r2 , "Phase ! exists when V1 is less

.... _ - --'='--'i\\ 7 than F 1 and when not in Phase
Z; . 4 and S1 is less than 35 feet or

•J m - Phase I exists when VI is less° L
_ " PossJ_E _wtn '--Lk_--P-_2, , than F 1 and S1 is greater than

" ...... _ / 35 feet."
M_ I

i IO 30 40 " ',
20 SI-FT

(4) Control variables and phasesare combined into a command logic

-, FI ; which determines, for all possible
conditions, when a thruster should
be turned on. For example:

• "ZF3 ! P4

l Thrust Action S_mbol Command Logic

i ' LJ
translate

' forward TF : PI.L22; _ O
Io 20 30 40

{ _ SI-FT
, _ r---_ trans late

-2 P2 : " ...... back TB : P3. L22
- F4 , P4

7 '
-4 ........ J ' pitch down PD : LI''L2''L3.L8'

' FIGURE 2. TYPICAL FUNCTIONS AND PHASES pitch up PU : LI'.L2'-L4.I,7'

; (3) Phases are defined for use in
combined thrust command logic. Some l_hen conditions demand a part.cu!ar

examples follow, action, the appropriate thrust force
' and moment vectors are injected in-

, Phase Definition to the equation system of the :=om-
-- put_r program by the command logic. '

.l The dotted line in Figure 2 shows
' acce 1-

[ eration Pl= [VI<FI) .P4' • ($1<3S) ]+ a possible forward velocity, profileof a maneuvering unit controlled

[(VI<FI).(SI>35) ] by this logic,

; Of special significance is the

coast P2f(VI<F2).(VI>FI}.P4' flexibility in programming allowed !
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by the use of the _ogic tools described, the center of mass of the man-maneu-
The generated functions can be easily vering unit system. In this study
preset so as to impc, se any desired of unstabilized units, it it assumed
limits on a maneuvering astronaut. It that the AMUthrusters are operated

, can be seen from the phase definit.ions only in the manual mode; no attitude
and the command logic that simuitaneous stabilization is included.

, corrections can be allowed or prohib-
ited as desired. In this example, The weight of the AMU is 177
simultaneous forward or back, vertical pounds including 25 pounds of fuel.

. and lateral translation is permitted Additional weight is added by the :
' in the last 15 feet of the maneuver 40-pound chest pack and a 25-pound

but vertical and lateral translation space suit. A 50th percentile
-'i

takes precedence over forward or man of 162 pounds was chosen from
t back in the first 35 feet. available anthropometric data. 3
! The total mass is 12.55 slugs.

'_ The system of equations developed
' in Section II and the con_and logic Each thruster produces 2.3±0.2

were prograrmed by personnel of the pounds of thrust, or a maximum ac-
Analog Computation Division (SESCA), coloration of 0.42 ft/sec _. No
Wright-Pattezson Air Force Base, thrust growth or decay has been
Ohio. A Reeves System Dynamics Simu- provided for; nor has allowance
lator and an Applied Dynamics ilybrid been made for decreasing thyu._.t as

: Computer were employed, propellant is expended.

ttand-Held _laneuvering Unit
_IANEUVERING UNITS

The Hand-lleld Maneuvering
The two maneuvering units for []nit _ is an integral thrust device

; which data was obtained in this study that contains two pressurized gas

t are the Astronaut Maneuvering Unit bottles, a pressure regulator,
(AbRJ) and the lland-Held Maneuvering two spring-loaded poppet valves,

: Unit (HI3tI0. a rocking trigger inside the han-
i dle, and three thrust nozzles

Astronaut Maneuvering Units The two cylindrical gas bottles

i together contain !ess than a pound
_ The Astronaut Maneuvering [Init 2 of oxygen.. For more extensive use,

! consists of a backpack propulsion the propellant gas, either oxygen
I unit, an environment control system or nitrogen, can be _upplied through

chestpack, an alarm system and com- the astronaut's vmhilical. Each
: munications and telemetry equipment, of the two forward thrust nozzles

and was designed as a stabilized produces about one pound of thrust
_lit for use in the Gemini program, and the front facing nozzle pro-
Thrust required for stabilization duces approximately two pounds of
about three axes and translation push or braking thrust.
along two axes is provided by tuelve
thrust chambers arranged to operate For this study, the umbiIical
in either primary or alternate mode. configuration _as chosen to allow
In orde? to provide for lateral sufficient gas supply for the
translation parallel to the remain- programmed maneuvers. The total
ing, or x_-axis, a thrust chamber mass of rstronaut, space suit,
was added2to each side for this study, gun and chestpack _.s 7.2 slugs.
These extra thrusters were considered

as being placed 2.7 inches behind Selecting a body position for
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the Hand-Held Maneuvering [;nit is consumption, and number of correc-
more arbitrary than for the Astro- tions made during a series of simu-
naut Maneuvering Unit because of lated 50-foot translations by the
the possible variation in posi- Astronaut Maneuvering Unit and
tion and method of performing a itand-Held Maneuvering Unit with

i
maneuver. In the position chosen, various initial conditions. Simul-
the arms are held perpendicular to taneous translation corrections were
the torso, the lower legs parallel allowed thr_,.,.ghout the runs for
to the torso and the upper legs the Astronaut Maneuvering Unit, but
inclined at 45 ° The center of prohibited For the Hand-Held Maneu-
mass and the inertia matrix were vering Unit. A one second delay was
computed usin_ data given else- imposed between corrections. A log-
where.5, 6 ic for lateral corrections which

attempts to represent the recom-
Comparison of Performance mended procedure of facing the

target when translating was ir.tro-
Table I shows the time, fuel duced into the simulation of the

Table I
AMUversus !!!_IU

a = _ --- y = 15 ° except HHMUa = 30 ° 50-foot Translation :
I"Time Fl:el Number of

" Run Initial Conditions UNIT [ (see) (lbm] ',iC°rrecti°ns Program Limits Exceeded
/

I None A_ 39.6 .491 ] 7 _
HH--_II-T 34.--'---2-_42'5" i 7 S3=3ft

•_ 2 V3=0.5 ft/sec _IU 38.2 .S03 9
_IM----U---'2-6. I .365 5 Vl=2ft/sec,S3>7ft ; 0 out

of limits for 8 sec.

, i
: 3 V3= -0.5 ft/sec 'AMU 31.8 .476 I!
.i HI_U [-48.5 .468 14 Rides T¢-TD limit

I 4 s3---2 ft _u i 35.0 .491! 12
:! iHI_uI_30,: .450,, .q

i

5 _1=0.05 rad/sec _g 38.2 .548 J 14
ll_-I 42.0' .3'84"_ 8 $2<-5ft,S3=3.4 ft

i i
i " '

6 _2= -0.05 tad/see I AHU ] 37.6 .294 4
I HttMU i"40.8 .468 I 12 %-- 4_2- lethilt
t correcting :

_ _iU 'i7 _I=_2= -0.05 37.3 .365 12
rad/sec ! IlttMU "- 36.5 .408 I0 S2= -2.4ft,s3=2.4 ft'_ _.
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lland-lleld Hancuverinp, Unit. vehicular activity. This program can
accommodate any maneuvering unit for

Comments on Results which the mass and the pos;tion of ,
the center of mass, the moments _Ld

(1) The one second delay be- products of inertia, and the thrust
tweet Hand-lield Maneuvering Unit force and moment vectors are available.

, thrust corrections detracts from

., its ability to keep angles within By using computer cor, ponents as
l_mits as shown in run number 2. comparators and by generating ap_.r_-

priate functions on the computer, a
(2) While the lland-lleldManeu- flexible logic has been devised to

vering Unit may appear to require simulate man's physiological ability|

i fewer corrections and use less fuel, and psychological choice in making
] it should be noted that the Astro- thrust corrections during a maneuver.

i naut Maneuvering l?nitmakes more The logic limits thus imposed can betimely corrections and remains varied between computer rims to ob- m

within maneuver limits. The Hand- serve the effect of the limits on
Held Maneuvering Unit usually does maneuwrs. A full range of initial
not remain within the specified comJitions, such as a rotation rate L

limits on lateral displacement o_ a translational velocity, can be

(x2-xz plane) to the end oE a 50- imposed on a maneuver to observe the
foot _ranslation. Also the Hand- capabil;ty of a particular maneuver-
field Maneuvering Unit frequently ing unit to recover and reach the
does not provide sufficient decel- target.
eration opportunity to end the
maneuver below the desired V limit Program output includes time plots
of 1.25 ft/sec, of the translational and rotational

parameters of motion, thrust on-off

(5) Simulated lO-foot t_ansla- profiles and fuel consumption. The
tions were run for both units, number of thrust corrections made and

using a generated function which the general character of a maneuver
allowed acceleration to 1 ft/sec can be determined from these results.
and required deceleration to .5 ft/ Over 350 simulations of maneuvers _ ,
sec at a distance of five feet. No with the Astronaut Maneuvering Unit
lateral coTrection was provided for and the Hand-Held Maneuvezing Unit

in the li:nd-Held Maneuvering Unit. were performed, and some points of

Both units performed satisfactorily interest have been investigated and
over the same range of initial con- comparisons made between the two

ditions used in the 50-foot runs. units. Although the evidenc_ cannot J

be considered entirely conclusive

(4) Results of an extensive because of the mahy pvrameters which

series of rums and further compar- have been varied in this study, the
isons between the two units are Astronaut Maneuvering Unit demon- _"

given elsewhere. 7 strates some advantage over the
Hand-Held Maneuvering Unit in a 50-
foot _ranslation. The Astronaut

CONCLUSIONS Maneuvering Unit usually reaches the
target within programmed limits while

A computer program utilizing the Hand-Held Maneuvering Unit fre-

analog and hybrid computer equip- quently exceeds the programmed veloc-
ment has been devised to simulate ity and displacement. For lO-foot
and compare tmstabilized maneu- translations, the Hand-Held Maneuver-
vering units designed for extra- ing t_it and the Astronaut Maneuvering
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|
Unit are equally successful in reach- tl,rust pass through the system center l__
ing the target. To this comment, of mass. This should be emph:lsized
it must be added ?.hat the iland-Held both in the design of maneuvering units
Maneuvering Unit -',imulation is hand- and in the training of astronauts,
icapped by the lac,: of satisfactory Control improved .'_arkedly after the
correction logic for X2-axis trans- ltand-Held H_,_euvering Unit was lowered
lation. If it can be fm_her dem- two inches closer to the astronaut's
onstrated in space or oy simulation center of mass. Asymetrical thrust
with this program or in a manned has also _een considered in a series !
simulator that the Ha_ld-:teld Haneu- of A_.tronaut H_meuvering Unit corn- 1
vering Unit is equally successful puter runs. 1_hen oppositely paired
at longer ranges than i0 feet, Astronaut Haneuvering _lit thrusters
such factors as cost, w,-.igbt and are set at 2.1 and 2.S pounds of

, simplicity demand its consideration thrust respective!y, maneuver control a_
for maneuvering in the vicinity of is seriously degraded. For a arabi-
a spacecraft, lized unit, this situation results in

greater fuel consumption; an unstabi-
In the development and use of lized unit becomes extremely di.Cfi-

this computer program, it was cult to control.
found that programmed velocity and
rotation rate limits must be com- It is evident that the complexi'ties
patible with displacement and rota- or" simulating a m_neuvering astronaut
tion limits. Large displacement in zero-gravity conditions are great. _
limits require, and can tolerate, However, the type of flexible _om-
large velocity limits so as to l:eep puter program developed in thi_ study
unwanted motion within the desired can be used to investigate many _,

! range without an excessive number specific points of interest ,_oncerning
of corrections and withoat preclud- unst_bilized maneuvering ur,iLs. :i.
ing other neces._ary correct;-ns. _......

_l If an angle is _ssigned a 1, rge This project was sponsored by the
J limit without adequate correction -_Space Technology Branch, Aero Propul- .-
i rate, other corrections are pre- sion Laboratory, and supported by the "*

cluded or delayed or result in large Analog and ltybrid CompaCation Division, _unwanted translations and rotations. Uirectorate of Co_._a'_ion Services,

This is also true of all other li,..its Aeronautical Systems Division.on displacements and velocities. For
! excessive rotation limits, such as :;

±35", the unstabilized units becom-. :
i generally uncontro!lable. For ex-
! *.remely small limits, such as +5 °,
; an excessiye number of corrections . :

are. required. Through a more in-
._ tersive study of the interrelation

; of rotation limits end roLaLiu, ,_t-'-
limits, opti,_tm or suggvsted valaes
could be found to aid in the selec-

' tion of units for particular missions
and to assist the astronaut in his

training for these mission:,. ";r

The results of several _aputer
runs show the importance of having
the line of action of the resultant
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